12 United States Patent

Haynie et al.

US009428849B2

US 9,428,849 B2
Aug. 30, 2016

(10) Patent No.:
45) Date of Patent:

(54) POLYPEPTIDE ELECTROSPUN
NANOFIBRILS OF DEFINED COMPOSITION

(75) Inventors: Donald T. Haynie, Tampa, FL (US); Lei
Zhai, Oviedo, FL (US)

(73) Assignees: UNIVERSITY OF SOUTH
FLORIDA, Tampa, FL (US);
UNIVERSITY OF CENTRAL
FLORIDA RESEARCH
FOUNDATION, INC., Orlando, FL
(US)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 181 days.

(21)  Appl. No.: 13/704,867

(22) PCT Filed: Jun. 21, 2011

(86) PCT No.: PCT/US2011/041253

§ 371 (c)(1),

(2), (4) Date:  Jan. 11, 2013

(87) PCT Pub. No.: W02011/163232
PCT Pub. Date: Dec. 29, 2011

(65) Prior Publication Data
US 2013/0115457 Al May 9, 2013

Related U.S. Application Data
(60) Provisional application No. 61/356,955, filed on Jun.

21, 2010.
(51) Int.Cl.
DOIF 6/68 (2006.01)
DOID 5/00 (2006.01)
DO4H 1/728 (2012.01)
DO4H 3/016 (2012.01)
CO8G 69/10 (2006.01)
(52) U.S.CL

CPC DOIF 6/68 (2013.01); C08G 69/10 (2013.01):
DO1D 5/003 (2013.01); DOID 5/0007
(2013.01); DO4H 1/728 (2013.01); DO4H 3/016
(2013.01); YI10T 428/298 (2015.01)

(38) Field of Classification Search
CpPC ... CO8G 69/10; DO1D 5/0007; DO1D 5/003;
DO1F 6/68; D0O4H 1/728; DO04H 3/016

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

2011/0092422 Al* 4/2011 Komaetal. .................... 514/9.4
OTHER PUBLICATIONS

Christopherson et al. (The influence of fiber diameter of electrospun

substrates on neural stem cell differentiation and proliferation,

Biomaterial 30(2009) 556-564, epub Oct. 31, 2008).*

Bluenstein et al. (The Journal of Experimental Medicine; Specific
Immune Response Genes of the Guinea Pig; vol. 134, 1971).*
International Search Report in International Application No. PCT/
US2011/041253, filed Jun. 21, 2011.

Huang, L. et al. “Generation of Synthetic Elastin-Mimetic Small
Diameter Fibers and Fiber Networks” Macromolecules, Apr. 18,
2000, 33(8):2989-2997.

Matthews, J.A. et al. “Electrospinning of Collagen Nanofibers”
Biomacromolecules, Mar. 2002, 3(2):232-238.

Maretschek, S. et al. “Electrospun biodegradable nanofiber

nonwovens for controlled release of proteins” Journal of Controlled
Release, Apr. 21, 2008, 127(2):180-187.

Ohkawa, K. et al. “Synthesis of Collagen-Like Sequential
Polypeptides Containing O-Phospho-;-Hydroxyproline and Prepa-
ration of Electrospun Composite Fibers for Possible Dental Applica-
tion” Macromolecular Bioscience, Jan. 9, 2009, 9(1).79-92.

Hayashi, S. et al. “Calcium Phosphate Crystallization on Electrospun
Cellulose Non-Woven Fabrics Containing Synthetic Phosphorylated

Polypeptides” Macromolecular Materials and Engineering, May 18,
2009, 294(5):315-322.

* cited by examiner

Primary Examiner — James H Alstrum Acevedo
Assistant Examiner — Tara Martinez

(74) Attorney, Agent, or Firm — Saliwanchik, Lloyd &
Eisenschenk

(57) ABSTRACT

Electrospun nanofibrils and methods of preparing the same
are provided. The electrospun nanofibrils comprise at least
one polypeptide. A polypeptide can be dissolved 1n a solution,
and the solution can be electrospun into a nanofibril. The
solution can be added to a syringe or syringe pump, and an
clectric field can be applied to electrospin the at least one

polypeptide.

6 Claims, 15 Drawing Sheets



U.S. Patent

Aug. 30, 2016

Syringe

Feedstock

et

o

Electrified jet of
polymer

,-.j
7Y
g 7
. "

ol
e
"

=
e % W |

L

=
If.{-’
T
o

Collector -, P

B
o %%-_ \%‘-

nnnnnnnnnnnnn Chioe Wi W T Wiy P " M " e M M " T "y M i "y M "o M o " T My "y e Py S T i ™

:
o

T
...?-:,:"./
o
_J_‘_.;}-i-’f.r-i-i!

Lk

L

WA T

. i 3
A " .T :-:& .,.- _r:éigé:&;\:\:\::: - ,+'+ o - 3 X
: ‘H":"" : . "-:%“‘- LTy "'E.' 'm 2 -v:: A5 "-::.+ : %
ST RIS
I R -'u::"'m' oy N " ?‘-‘_

g N

R B e 8

,
%
7

L - b
- - .
' 1
. L]
a=at. ' . atYy LT "... = Tt o=l : "
DR YT u v a1 AN . j
L] a2 N 1 Ll 2 IS N ol vl
u [ B ] s rd . + [] [ L] ok r o= - 1 4
Pl - 4 4 A 1 - -, F [} - L - - -
- = . [l . [ - it ' L . o Ty
e i 1) SaTE - . o . . . - i b LN
. - - " i o . e i A
] . Pl I rr B Ll N N L
. '. 4 n - 'i- - .\.f . L I.'- ..'I'.-'_ 1.'- I'l'r _'.1 '- L] ._l‘ 4 o
a r L . N i . K - m .
o 1l LN . s r g - . a » l X
4 o o [ 4+ A - a ol
' [ 4 i N X 4 Pl
gl L - N . Pl
A A ‘o ' . “uap
J ! ) " -". ! L] '- .- u
- ' r “r I o .
1 A o
- _l 4
a? .
' !

v

= :E
. '

G
]

ra
‘;' i
I-l- - -

A ll. i‘1‘
o e
i e
L] - ]

[ ‘.::’:x.i-

o, M

g
SRR

Sheet 1 of 15

Metallic needle

High-voltage supply

:
3
§
;
|
;
:

US 9,428,849 B2

LR |
4

‘i'%«:-@%-a:\h\x

lI...l

] L | L IR |
- : .
. +.
“w . " - ' " ‘Q
» I . i S ]
O - e R SN
- " - - . n . - ]
‘l‘ * [ ":% -.l'r
+ a + L | . = u
1 e L - \-_ - =
1 - ] L] - Ll L ]
k 4 . 1 " T LI '
* am Y P
0 e e 'y "5 %
s L, . P

R

-

iy % oy e A e, . e MRy
DI BRSO R R

lllllllll

I,..

:_I-.:_l-.:_l-:_l:l-:t:_t:_t:_t:_i:-:~:=:~:-:--:+:-:+:r.:+."r-'.'l.T'r'.-T'!T!-TIIT'I.:"I:I:-:'-::‘-::‘-.:Il.:'-:'ll._l:n.‘ :l:l::!:‘l:ll:ll!:l:l:l.q:l:'-:_!:::!.‘l:.'l.:!.l !."'l"'ll."!."q. _'Il:!:_'q.: .'l:l.q_l.:_'q."q:_'-:q't:'l:!:lb: l:ll."!. :"'Il.:ll._'_ :ll:l.:_'q."ll." .'l,:'l..'l:!: .'!:l:l:_h.:l:l !.:!."'l::ll._'!. L e !.:l:!.:!. LI Y
-:-:;-:-::-:-:~:m:-:-:t:~:-:;:-:-:-:::t:-::il:;:.-:;-'~:-:-:-:-:-;-:-:.-:.-:.-:.—:—:—:*:-:~:-:-;-:5‘.:;::5:-:;:-:;:~;;:;-:;:-_1:s:?:E5:Ezﬁiz:x-ﬁm‘x;:m‘ﬁ-ﬁﬁﬁﬁ:-: *%ﬁ?c;:i‘..cﬁu:u:-:xzu e e
o :.‘-:-l_-b"-L"-;:-.:-L:-.:-‘u'_:.‘u:-:::u‘;:-:u::'_:_n_;-. n.-.,;-:u_:.'_‘-_i:l‘.___._l._,_ R L, l:'l._l.:l.:l._'l._l_l:'l.‘-'__l.:'l.:'l.‘ _l::u_l :-u_-:-:-.v oy H_;'{.:-h-h‘:-.:-.:u:u:;‘-.,_u}.‘u:-.: e e Ry
L e ey e e e s
P R AL R A e
A R :.‘:‘!31*:-:::-:':t%:ﬁE"s:i”::;:E‘n:-:n"'._:E;*:«-:1”:1::"‘ﬁ%&:ﬁ‘u%hﬁm%ﬁl:-{%&ﬁ%{ RO
) l:'l. l: "'l.: ."I-.'l-."l-‘ "'l.,.l -l._ll.' tu'n :'l._'l. "'l._|l|. i, I|._'l-"l|_L b N u, ."l:'l.:-:'ITl.:'l.‘ ! o T, L L ) ) o ) n "l._l.'l. "'l"'l.: I: o "l."l.:l: llllll
n-3:E-t3:1-t%ﬁﬁ&ﬁﬂ?ﬁx{%&:ﬁﬂi\%&:ﬁ& \\E_‘g:;\x\\“ﬁﬁ%\ \:’&ﬁ% Rﬁqﬁh\ﬁ%@ m:-%_b% {‘:-\‘}\%‘ﬁi‘hi e
e "'\ T U o 'J'\ AT R e e
s a, \-ﬁxﬁ R e
: t _ll..'l."l..'l. ) n :'l._ll:.' ', "ll._l. ‘l:‘l‘l.:'l. I"l|._|l|. ) "l.:'l':l.'l..'l.'l. ) '.'l..l. . ..'l.ql ) .'I.l. o) :.'l._'l ! L1 "l."l._'l._lll:l. L1 ",
: A A A b.*h‘a‘u‘-.:+_:.:ﬂ._*':-:"«..*h‘*i&"'h:a..x32-h‘u"{':t:*h‘ri‘*-.*2"h‘u‘ﬂa‘ﬁ‘hﬁh‘ﬁh‘ﬁﬁhﬁh‘uﬁtﬁ% ‘h‘hﬁﬁ%ﬁ‘“ﬁ% S
T M .\ . L 'l-"'q.._
e S e
N T
) : h
_n L} _.I
oy

lllll .
L

aneis b PR anemas
DR T T .

AR I AT

Z

E:;é;: .:;..:: :":::.:;:.;.'. i ":EE; n .':.‘.:::- g .‘l.. .‘..I'iq_-: iy ll,-:,: L 1.\.1-': . "'l.::_ ™
T aahhinas

VY SRR \\\ :
D O R R %%1:

7

o
.

AN R

TR s

A o

Qt\fﬁq§§ﬂﬁi N
----- N ‘EH:%NR _ ":"".-.:E:i:- “‘“:.

SRR
s

R
%\Q\Q“WWQ

o e L .
TR

X

F1G. 3

.:-"Q‘ DA

; I:'l .'I

l.l
lllllll

._‘.E%H::E:h‘-:‘:-h}:-::-:-:~:~:-3:-:~2~:-."2*:-3:~:-..‘~:~.‘-:-:*tﬂi::::ﬁ.“h‘-:tl~:-h‘-:-:"h‘~..‘x‘~2~. R

i

Al

"_é“:

o'y
A

N

)
N

: R

X
R 3“"“-@"' TR H TS

R TR
R

N

X

!

e
Y
N

AR

'::ﬂug.|I iy ::"'q. )
S e

I,q.
i

; ". \\:I\\~ ‘.l l'l . .:':
NN
\ ‘“‘2;\

)

AL,

o

AR

ey

o

llllll

ol

.
L
[ B

L]

o "?hﬁ"'ﬁﬁi‘*}ﬁ_ﬂj‘ﬁ}?:‘f

111111

v DRy
R e i
R R AT AN

W s 3&} ~“E?'?§§‘;%E

e "-_:':_‘."':";‘n__

A%y



U.S. Patent

e,

i

"

e !.“:nh“h‘-bh“:u‘nh‘u‘ﬁ“ﬁ-i-_'*:ﬁ;::‘:\
-

e e
e e e e *E'-;\\ e
hxx_:'¢;.":<:."_:'<:."xxxxxxxxxxxxxf\*&‘:‘a *u.%h*a.':.“_:'-,'v"':,*-
SRR N R

Aug. 30, 2016 Sheet 2 of 15

SRR REERnRERRES o W e R R A A WA ALY
\E&ﬁ‘hﬁ:ﬁ;ﬁ. oy %;::::‘E’v_:-;;:::1:1::5::::;E:::;:::::::::::;::::::::'-:::::-:::;:::::;'%::::::_a:-::._‘::::':-:::::- ‘\x\:“‘-“t::;.l'ﬁ:*:."i:::::-:;ﬁ::. %
T n e .‘1.] .‘1.] ata"e R e - - =
e e e s -'-:-:-:-:-.-:-:-.-.-:%:-:-:-:-:-:-:-:-:-:-:-:-:-.-:-:-.-:-:-:-:-:g: ST e
""-:-::'_:'-'."-__%"-__"\_\:"-:'-_.l."i‘- L L L tl_“h._\‘% g .L_.L_'“':'L.w_".ﬁ_l‘::ih
R S R e SR s
:..".l_:l‘l‘\x%::::l:l::%l:l:‘:;% \i‘\.l“.‘: -l_-‘. o - s EEE EEE LN :l:l_:::l:l:l::‘:l:‘:‘:lh.l.l_:.::-:l.l:l:l:l:-%l:.:l:l:l:':.::-:'l:l:l:l:l:%-..l:l:.:.:l:. .... l‘\\\\\ '%':':':‘:':..::::":::-:':.ﬁ:':.::
@fﬁ:ﬁt‘iﬁ?@ﬁéﬂﬁ:& ﬁi:%qﬁii%E:E%EEE:E:E:E:Ei:ifgi:?i:E:L?}}}E-}E;E:E:E\-*.:Eﬁﬁﬁi:::i:i:i:ki:iﬁi:i:5:53:_'*4:E::“-E:35-?-\:\\\2\\\,{%35:5:E:ki:iﬂgit?gé\gﬁ?:
- .I .I. . .Il'l l'l .I .l.l .l.l I.l.lll u .I.l.'l . .I .'l . .I. . .Il IIIIIIIIIIIIIIIIIIIII .'I I.'l.lll.l.lll.l.l l. .I. . .I. . .'l .l.lll.'l lllllllllll .'l.l ] ] .l l.ll'l.l. .I. . .I .'l l.l I.'l
R R
e e :&-:;:::;_:;."-:-::‘:;:-:-:-:;:;:;.;:-L:t:‘.-.;:::-.;:-:;:;:;:-:1:;,-:-:-:-:-:-:-:-:-:;:-:-:;:-:-:-::.;:-:;:;:_-:;:-."“1,_ e
*.:.*.:l_l:’.'.:*. e ey,
l...:.:.:..-:..JI...-.I.I.I.I.I ... I.l.l I. Ill.l.l .l.:ll ... gt .... ' I..I.I.JI.:I.I.I.I.I.I .l.. lI.l.ll:-.l-:k... llllllll ...I.l.:.. llllllllllllllllll .I.JE.“..JI.:I.:I.IlI.I.Il l.lll l. ' :\.‘l:.\l: I.l.lll.l l%l‘... .... ' .I.I.I .JI.I.I.I I. .Ill
e e e e e e e e ".:'-:;.- e
lﬁ‘l::‘{:':kl:: l_:'l- %lh.::; l'l_-l-l.I:: IIIIIIIIIIIIIIII .'l IIIIIIIIIIIIIII :'I-I-I%l'l-l:'l.l 1 I.I.'l_-l.l-l-ll_-::-l_-l.l l_- IIIIIIIIIIIIIIIIIIII I_-‘: l_-l I- lu.'{: %-l_. \‘t‘{.%-l.l:i:‘ I.'l_-ll'l_-l-ll'l_-l- I-I -I-I %
B "“:{\\_ S *-:::-'-:-L;"‘llx\_
%":-__E'-'-: s 'i"-@%"‘\ L AR ﬁ:?:-:-?‘-\}_ S "w-'w-:"w-‘l"\N
A R R R R e \\ s
\'{\.\_\:-::; e e e ey T e L L e T \ R’y .
3 o

"

e

R
s 5%%{:}:5:';:%

SRR S S i % I

O R a ey

"5'-5;_;'5'15"5:5:"5:5:‘2"-:5:13:-.: "5:5:3:5:'1"‘"-‘-1:;5:555:3:5:5:1':513%5;5:5:5:%:5:5'5'5:5'5:?% \"
Y “a:{ SRR %\\\{%&%ﬁ

- \-.._.:.%ul.'& Ry
& EEnimma : :
T R R T R R R R e R e NN

e
o
-..F ]
"
o
ﬁ
e

e

e
e

e,
s

R . :..l. ...

n "&'\l. | | : :‘.:‘.-:‘l'. lu.l. m_n ... . i_mn :.;.:l. | | .:.:l..l.:‘". | | | | | | n_n .. n | | n_n ..l. | | E .‘-‘. .‘- .. R
a:-_*n.*-,l_-_*;._L_-:;.:3_5'-:-5:-:-_1*;:-_,:5:-:@*;__*»:-:-_1*;:;:;:;:-:a:-_::';i‘;:i:-_:'-:;._:'-:-_ TR ey *ﬁ};_::.;ﬁ:.$:,~.*;:;:;.:-:-E‘»:-:-:,~:;E§J'E:w-:;:;?5:;:;:-:-:;:;:-:-:-:-:::;."_:ﬁ‘?___:‘_::-h =
e e e e \lt._._. e e
R R "“":S.} ' M e, ?*5."551_.\':."_:'-::."'1. e

: ._:1?.:*-'::."‘::;1:3::._:. e e

"

e

-

"
/';;’#.J-’
™ L™

N
.

fxfffﬁ

B o,
e,

j.r-’
r:_:'f
2
/f -’-’

i

e

o

ffffﬁf’fffff?y’fn.ﬁ
R e
s

fxxfxxfxxfxxfxs’}x-’f s
e

I R
I e

"-._ "
~ 'i:n:-,*-:v:-:-:v:-,xxxxxxxxxxxxxxxxxxﬁf e e e e
e

e e e
amat ettt . .
R R R A R R AR TR R AR TR R

FIG. 4

e

':"-.‘:':‘:'\l"-."-.":':‘:‘:'hi'\lh\\q‘- R

S e

-
s
L e

R ] "-:- "-:- "-'f"l"-"-"l"-"-"l"-"-"l"-"-"l"-"-"l"-"-"l"-"-"l"-"-"l"-"-} "-'f "-:- "-'f"l"-"-"l"-"-"l"- "‘-"-"l"-"-"l"-"-"l"-"-"l"-"-"l"-"-:- "-'f "-:- "-"-"l"-"-"'l"-"-"l"-"-"l"-"-"l"-"-"l"-"-"l"-"-"l"-"-"l"-"-:- "-'f "-'f R ]
a h;::“-:-:n.*-:-_'ﬁ-:-_'v:-:-:v:-,*-:u:-:-:n:-:-a:-:-_ﬂ:-, S h;::-:-:v:-:-:u %xxxxx*-m-m-_m T
e N e e e ",:'n.*;.“:n.*».*-,*-:a:-:-:n.*-:-:v:-:-_ﬂ:-,*-:n.*-:-:f-:-_ﬂ:-:-:v:-:-_ﬂ.*;f'_:i.'-":-_}"‘:-:n:-:-_ﬂ:-:-h:
B i S e e .
e, n e g
e

e e e T e e e e e et

s
"

2

ey

o

"
s
"
s

ame
%\}:ﬁ.&

.

e
e
T o
s
e
T o
e
e
T,
s

'
"
:
"
o
,‘5’%
s
i
e

pies

l. l,
o
7
7o,
o

ey
e
B s
s
e s

s
s
s

e

e
w
2
s
Ps
.
2

l.l'-:‘-:"-:'-:‘-:'-.l':‘:':':‘:":':‘:':':‘:‘:’:‘:":‘:‘:’:‘:‘:‘ = = .‘:."C:_c"‘:'a":*."aHEHE‘&HHE‘%H‘%‘%H‘%HH‘&HH‘%‘%EE’:.

e e e e e e
e e e i@“\“%xxxxxxxﬁ\\xxxxxxxxxxxxx e e e
B e e R A e e e e B e e e
e e ‘1_*-“‘:_*;."'1_':."“ -a:.,\ - "'1:;.“*-:n:-,xxxxxxxxxxxxxxxxxxxxxxxx
_::_-_ e e e e,

et
e SRR AT R TR S TR T S
2 _\%:'\_.‘i,"\"'L*;.“*-:v:-,xxxxxxxxxxxxxxxxxxxxxxx %
s

s

wn

:_l’_l‘-
._IF
=

wn

w i
=in

"
e
S
PR
e
R
./ﬁ
7
-
=
-
=
-
=
-
_,.’
-’.J'.:’.;'__
.’.J_._
.,.’

e
T
o

__l"l":_l"l"
-"F_':::-"Fﬁ
e

el
e
o

™ .J-'- .J-'-
e
o

™ o .J-'-
e

oo
o
s __.:’.J'
2
o
7
e
i

R P s
e

S 3 R
}

5
=
%

e
ey
o

=
/ 2
,-/ ﬁ

.n'f‘“;f’; .

s

e e
s

B P o
e
B
B P o
B P o

=
Lk
o
=
mu
o
=
"
on,
=
Lk
o
=
A
=

e

.

A

e,
o ey
e,
s
s
i,

s
"a

s
"

s

L

s
e,

o

s
s
s
s
s
s
s

e n

e e e e e e e e e e et %&xxxxxxxxxxxxxxxxxxxxxxxxxxﬂ et
s “%Wmﬁw“:*smW:ﬁ“:ﬁ“:ﬁlzwmﬁ:ﬁ““f
- e o e e e ek
R o
AR ‘1:;.“'1::."'1::."*-:v:-:-:u:-:-_ﬂ:-:-_ﬂ:-:-_ﬂ:-,xxxxxxxxxx%"'1:;."3'-::."*-:%*-:-_2*-:-:%*-:-_\ T A
NN SRR SR SRR

Bae e e A e
R AR S
SR N IR

el Bale e e
"‘\_ﬁ_u_q‘_-._q__ R B D e e e e
R SEER SRR K.
SRR RS SR
\\‘f‘-‘uﬁ‘» ey e

R S o
B SRR SR
SRRERERAERRE R MR

' ‘ S

>
N

OGS .- - .
R e A, RN e R S "
e ..‘q ..‘q.h‘.\‘-'r"-.h"h\‘h"\ EH.HH.‘-H\\ o .‘q‘-‘.‘q *a T "7 My n N
AN T Y RN
2 T e
T e T
. T A s
Al Gl
A a\\.‘-*c%:-:ﬁxﬁa \\H.-».‘*-_H.ﬁﬁ: S R e
.:'.:‘:.:l:..:‘:.:.:‘. ‘.:‘:‘:‘:‘E‘:‘E‘:\:l:‘:lhx%“:.‘x ‘.':‘Et‘ﬁ.‘:.::.‘.:::h'“ 1: . .ﬁxﬁxﬁxl:. .-Ii':.\:":.l:h:.:.'l :‘: ".l ] l. l. L 1‘:.: ]
BN A AR A \‘{‘{a\\xﬁxﬁme-‘ AN 2 AN
e £ \ SRR b_xx‘*-_xu‘*-_ﬁc- RS N T
T e s e AN
"*--:a@._ﬁ:ﬂﬁ{ R ﬂ:-.‘;::ﬁ&%@%%:; %%%%%%\ % ”&5:,‘ : _"::;.:;h:;.if:‘:.
T e, R R AR Y
" ll."'q.""ll‘l,:I'l' -":Hul"q. bh‘q‘*‘q‘% ) .""-l"‘q.:""q"'q.'l- .""-l"‘-l...""q"‘q.%'n"l\.‘ 'll..‘. 'l..‘. "‘q.:""q"'q,. .'l‘l,:':.h"-h"q..*
R SR Ry R
RN R R SRR
N RNE %%ﬁr::ﬁ*«\‘x{a TR
T T L iy AR, Sy
R R A -u‘*-.,:-.-.-xl*-.,\ " R
T e e e e At Ay ».*-.....h%\\ g ey
"'q_ u'a +"'|'" ".""q '.""lh'q_ 'q."'l"'q_ q"'q_ .Hq"'q_ llllllllll "‘q_ L ] '.h.""q .‘\'l L | ".""q .""l H’q’.‘.‘hﬁh‘.
L1 LN N e e :'.:‘h%‘.\-‘h,: ._.:l L ) ‘q_‘qrq_ lllllllllllllllllllllll q..l‘lh:::.'qh::q:q._ A -.::.'.‘!:::.'.‘-ﬁ‘h..‘.\‘h.
~Q1:-:-'-:;*-:-:-:Cq&“q--:cw. e D \ B
.I_- . -..'q--_.lll_ h..'i H.'I"Ii n 'I‘l.'l . .'q..l‘l.l_ lllllllllllllll ‘\\ EH‘HHN\H“.\%H
‘b'\\‘.:".a T R R R 'i:ﬁi:ﬂ%ﬁ\ : A
T T A e A e A R L R
e A A A A T T
R
R A R A T A o LA A AN A
.:El:'.h.::h.'l.l'l‘lill‘l..l.l'l.'l‘:.'l-l"il:}‘xxal.ll:.::‘u‘\%\{;:':}x\.“l&%%%%% h | ] %%ﬁﬁllﬁ‘hq%%ﬁ:‘l.hll.’l. I~~- I.ii[. ﬂ%ﬁ%ﬁ%ﬁ%ﬁ:}i&h
i o, oy Phn e “::::':'\ L e P, Vet
s s P :.\‘i."\ﬁxﬁﬁ = \ﬁxﬁxg-.- .......... x,_x_u,_‘:.x‘_xhh_\-% o
R e AR AN AR
N -'l' N "l‘ lllllll L -l‘ % " .I.I‘q‘lll_"l_ § .'l-ll" ‘.'.‘q .'.‘q ...‘q lil .'.‘q .'.'q l.l'lmI|I . rl.l'l_ .'.‘q .'.‘q
R R e RS "‘%“:f‘"\{\‘"ﬁ“‘
T R R SR SR
. TN
T A x S R U
AT AT Y Y A
A B = R A
w._a‘-.._*-xﬁx‘q&ﬁ. - .-K‘qﬁx‘ﬁx R \‘qx‘qﬁ : A,
A N L R e R ;: R
A A A el \--.q"‘*.*-._"*.-. g “;}. S AR : R Y
.-:ﬂﬁ&ﬁhﬁﬁx“h—. X > \\xﬁm:-:-:; bk ey
TR R R ; TR
R SRR R RN = A Ay
T AR R R e R
e e R e e A e
:'-.:l.._ "'q..:.‘ "q..:.‘ "q..:.‘ :_'I._'l.:l."!..':‘ 'y o r""il. 3 LI T .::‘ "'q..:‘ "'q..:‘ "'q..:‘ I|_Il.:l.""n. -'_:" .'I.!. "'q..:‘ Ny, _:-:1."1. L _:l "q..:-. "'q..:.‘ "-l._'-l. :"'q._'q. :"'q._'q. )
R
T T A AR
T e e e
e A e s LN
e A A A R \wxxw:g.:.;._ e S
R R AR ‘ﬁﬂ@:ﬁﬁ%‘:ﬁ% R ‘-ﬁ‘c-.:;“-‘.?\i\.x%x-.#ﬁxh o AN P
e T E&H‘:ﬁh%ﬂ%ﬂl‘%ﬂx\‘xﬂ \-:*:-:-:-.x R TR R
e }'ﬁ R AR \%\Q 5 O e
A R A R N T} N
A S %:-c-:;'ce-‘ﬁw = M =

FIG. 6

US 9,428,849 B2



US 9,428,849 B2

Sheet 3 of 15

Aug. 30, 2016

U.S. Patent

n ¥ Jd Rk &

+ 0
. El

"

W+
- mam

Ly

ram
L !
v

L3 LI )

a a e

-

PRy E P

L

a
w

.

FIG.

L

L

FIG. &

dd faFq -

AR A xR R RN -

rTrr e+,

rrr rr kb rror 4
*r rrrrdr o

F

r
T A e

A+ Frrr-

U-.a-h-\\\- " a ++..

+ 4+ F + 4+ = FF - adadd ddad
F F+ F F & dd

R o,

+ + 4 v+ + 4

+

+1+1+++++

+

.—.xn
- -

E BN EEF FFPF
E R AFT i1i




U.S. Patent Aug. 30, 2016 Sheet 4 of 15 US 9,428.849 B2

Avg. fiber diam. (um)

[PLO] (%w/v)

FIG. 9

A R N AR N e
o AN e
T ﬁl'y:‘ y ,.

- T T
SRR S ﬂ%ﬁ
e AR AN S
SRS ey
A

. . PR % - n
.“ﬁ‘é}@}@

ot

"u ‘h‘t' II"I-I‘!.I-.I gl - .'l'.'l-*l:-l.;.'lll h"l.'.-i.ll"l‘ .lh';‘-
TR e
v o R l._. LI A R Rt
n Ly "N " .'\:ﬁ::.h::::- ‘:.:?},.: .:‘% +}:I -a q_:-|1'++l|.'|

- ;\::.'l -

¢ - -k P
N SR

L
-
n

' AR
r -t

B A

fa'd

A"
s ]

g

ar

+++++++

-------
###

SN N
%MEL"'Q@:&u

%Wﬁﬁﬁrl‘ﬁi&%{wﬁ%‘*ﬁ\\\%‘bﬁ
TS

RO

ShRR e 5
‘a.::a."'h‘*?"x‘“l.xn.""-'-“-‘“ e S
R N T U S
e "\}\\ S h'b:;‘q':;ﬁig-}-.-& e R e
R A 1"'1."‘:-.:\.‘\:\.::*3:::*.*:‘.':::}_.':"":t:'t.".:
B R '-.\, '--Q‘“‘E\_X\*:_‘._"- O N N o)
o e W e S N Ay ey
ﬁm‘:f'-‘:-"-g_‘:‘«b:w:-‘;l:;_ﬁ::;‘-:-:5:::-:?:-:5.&"1‘:;%‘- N N S R R
B A A N e *"'*:'.:\“3}'3:?' R,
Sttty "a'a Satamu . - R T R O e

RN

e
%_%-:—':;?-‘;::i:



U.S. Patent Aug. 30, 2016 Sheet 5 of 15 US 9.428.849 B2

Taylor Cone

Polymer Solution
Feeding Unit | in Syringe

L
e e T e e S B S e e S e e L e S e S e R D e

High Voltage Power
Supply (5-20 kV)

Collector Unit

Fiber web

R
xnﬂﬁm
BRI
e

H{ I

- .i ! R s ..al' 'a ™. L L L -Iq'. )
L " PN N - . i1 X
“ . l‘:‘ .:," L-% b l‘ﬁ‘-:Ii‘ g i S

FIG. 12

SRR B

e

* b 7=
+ ok
P .
L & '
S
a f -
e
Aty T s
' . e
- - P
] ]
LY .
.7
i
- LI I N ] T T 1
- wTa T 2T T
[y LIRS LI
[
o m Twaa
7 1 1 4
'
I R
+ "at. Ty St T T .
L] L] [T | [ | -
b '-._. L
L)
- &
v




U.S. Patent Aug. 30, 2016 Sheet 6 of 15 US 9.428.849 B2

ot S N
\\ \ ggﬁﬂ R R Sy g2 f‘“sr < . \\W\ \\%\\.\%\\\ \&\ “\W IR m"" o

R

e 1 e Y - - . om AR L , LN
T - S b 2= e e e
AT r'.'-..l.l.-i- ! -"n, Y = RS LB = L L B,
. A
B e - B+ "yt LR h
Ve - - . S iy Vi S, ¥,
A B+ AN AR
e . A B . W .
P ] 1 ' R &« % 4 a4 -k o |.
- a7 AT
Ty .- ' ' l:.l ST AT T -
. - oL Bl o P R T T M T T e
] I

u |: ] " 3

I.- [}

L] L] " 71 " wmTTT -1 - - - 'I.-l o

' :l n .i"'i"'+"'+: %ﬁ. . . I_l:l:l _.-" \5
L ., .'-_.'- T .. -
3 - I L] ]
e lel ' g : \._:: e "
Y ‘\ .
._q::‘_l‘—

]
AL |
‘-
=
.
+
'lI

-
Ll = B
Ll

-

iiiiiiiiiii
---------

lllllllllllllll
aa

5555555555
lllllll
1111111
llllll
lllll

......
------------
----------

. o E .
- L S WO e N e RIS, A LA
L] ' - N n -k w W
- .I. . g - o T Ut
Ta Rk - m Y y e u )
BN -1 R IOCICN WM, - T OO .
T+ { n h A W P o
- Bl = s \ L
o =T R m o ia L e T
w U R ) - s L Y, \h
B ! . el :l :1 -i"-i: Tutate"
. - L R LY, - v I+ v v
E 4

F1G. 14

i ':LH:\ . . RS
R A

NNy
RO LT, R o e

o B e B e il BB L B ) 'I.'r'.'-
llllllllllllllll

a‘ o ; d.:::
SRR RRRNE IR




U.S. Patent

Aug. 30, 2016

) TR N N AN YN
s

£~f*'$%§£} N :

*
-
r
lhl
-

ﬁﬁﬁ Wy

‘-l S e a1

o

e
=

1 1 ] = .

. g o Ry o~ . .:_f*. RN A -"'4"': M
- r --.| ot ¥ '.:..;.‘ - ’ . O I : - » o
R y I ".:,' ” o : _.+-=", K -:..l"-

:" A gl a - o u e ' -7 " s
= a r T, - 4 L .:. ﬁ lt-.r-_il i'll :dl " ¢ - -
) s r:-:? e e 5o *': T {ﬂ :

[ ] ol . -
e Seiain 1A L e A AT AL RO A
i - - - ol L r 2 - "N = r e

R A R “T.gé
) :‘. R SRR %\“\\\\\\\
T R AR

R

3
T R
e -..::‘ L) ;QN?‘?E ":q:i::'l‘q:-.-_

o o g
- -F 1} r I.J-'-. - .
L e A

“* A+ [ ]
2 Ly T
b A R R K A g
.. Y ﬁ-‘ ;-'F"'F o e o = ‘fﬁ:'.
e fFJ:F ‘-:F:FFFFF‘F .l-l 'l-lF -lF lfi, - :F o FF- Pt
f | b
" '.,l:.l".l"a oty .i"' " ".-";"': A .:-'. .i'.i;
i
] -

o
Illi.l .
7

Pl

z 2
F'l, ) - FFF.F. r F‘F‘ -FF FF ol "
e s P
" A A A . ol o o

o
o
A
) }.54-

\

Sheet 7 of 15

i By Y B
R
[

o

A

7

A
Z/‘f% i

iy

- \\

: ‘.” o
::: : ':-.:'-

a AR W oI R
‘ﬁ3§§§§§ﬁ3a$§$;3;; "ﬁa,dﬁﬁf?~--afsh

e R
SO T

W

e
N e
2 .
N :EEESﬁ*bH AR
) %ﬁ" AR

RN

R R R

”. L] "l. H-:

. e SR
A R A SRR N SR
. “;ﬁ_*\\\\_ A N A G A N s ¥

R

AR

& ::}":_ h,
a = "'1. "y

AR ‘ﬁ\% Rt A AR R

US 9,428,849 B2

. '. ' _ n '-_..-.‘ -..:2- :. :L +. 5 :l-‘E.ElElE.. -
-.l_ L} L L] L] LA ! LA™ R SR ‘tl-.-.
AR Y SR R e AR R

TE - .
.”i -
a LE e
] L] .
- LI '

d : s .l.'-:'-'-.
()()LLIIliﬁggﬁﬂi Ry

'.“ - +*
A 4

; :r:i-_;': R
T PR R

AR
NRRETRTE

X

e
-

ll-. . .."». .'l' ..'l-'l.'l n, . lr i'.
R R
A e i )

R R

R A R

o lﬂi&‘:::i "
n LB
T
RN

W e i
i@é&&. e




U.S. Patent Aug. 30, 2016 Sheet 8 of 15 US 9.428.849 B2

OO0

CO0G™

F1G. 17

Amide I
region

£.38

Y L e S EEE TYOTY SOUD

¥ § 1 rrTTTTTTT . .F |ﬁﬁiﬁ[“
“.28 1 { E S—— EDOE e

symmetric

8.15 stretch

Ahsorbance

8.1

6.05 |-

1800 4706 1660 500 1400 1300 1200
Wavenumber {em )

FIG. 18



U.S. Patent Aug. 30, 2016 Sheet 9 of 15 US 9.428.849 B2

e T T T e T T T T T

&
?
-*5
o
o

NN

\ - e A e T — -} o R e

W : Y ~ N R o + ! "‘-.._\:\,
o T A e e ok A T R % o R e SN
AN

AAILLE

ey

"':"‘ 'J:Efd'
L
i
:"_'.. ‘_-'ﬁ.
s
%
7

han | oL St R, "$:._\"-' ' N

e e e e ‘I'EE-Q:"‘:‘H:% R ek \.\:b-. QN
A T R

A,
L A |
e
| ] %‘ F )

e ..
W
i ::ﬁﬁ::: x J'-I.:l-ll L
"’d"':":" J L
e

. L.;'-. iy -|.:'l|..' .ll-'l:.'l. 'l|.. S -.'-..'-. -.' ey ™ | L i i n \ .l..:l. - | L l|:' LK
: »gﬁ%ﬁﬁﬁE@%ﬁﬁ%ﬁ%ﬁﬁﬁ%ﬁﬁﬁﬁ%ﬁﬁﬁﬁ%&ﬁ%ﬁa
R R R

':'.F
L |
e

W ::":_ . ‘&u‘;‘E}i‘\ "\. ) o "'q\" e ) ] S ﬁh\i e "\\
R R R
N ﬁ Q':._u“‘;_t%ﬂ\xﬂh\\ﬁmﬁ\Eﬁﬁ“ﬁﬁxﬁ%@ﬁm& R

&)
::‘i-'l-' l:l. S e

----- :E : ) ""?“"E-..‘" e e '.'::\-": X .-'.'.": et o e
s ) %"\ " ) ."'."':.'::.‘-"':‘"- q.:"l""q._l,hq,.:::q::hh'h"‘ w ) ‘.I . .l,.\: ] l,.‘\':..

LT
"‘l,. e l"‘l,:l" e e T T T T ] l,. W
.'.. ‘.-.l..l..-.. . .“.... l.‘l.\ " .h::."'q."q".....l -..l... "q.l.." .‘. ! q.".....
A A
NN N T I.'_I.'I.':I|"‘l."'l."l."l.:I|."l|.::.:'ll::.:l.:l.:l.:l::n:t:l:l.‘l.‘l.:l.:'l.:

LT L N T R R N L L N
L n L n L] )
. m, L]
, L]
.
] |,
n

U B __
R A R
A ES

o

llllllllll !

------ e

=N ] . “u% LW s L] "‘i,q
o T B o, Bty H L,y B, e, By
. .:.. S S SR N e "‘."""E“::E:"h:-_' ‘::'l.:.l'l::: > +:~':. ! \\'ﬁ:\..'i.:'l-‘ L.

! L

o L NN " -
A L

‘ n b
e e
R
o T A e

AN A A e
"""n.:h.._ - ' -:: "'-"'q."\:-u: "q"'-‘ o . -

N

M

TH

L8
LA
oy
e,
|

. P

SRR a0
R R

o

e

FI1G. 19

REIRR i R RS 3
"'\_"1‘\\ e

3 - - .
L 4 r

T T I T P G I e -

L L NE e LTI TN N T N LT | )

iiiiiiiiiiiiiiiiii

++++++++++++++++++ e

'
LGN B IR B N | = F 4 4dn




US 9,428,849 B2

Sheet 10 of 15

Aug. 30, 2016

U.S. Patent

313-2ven

- 0l

=3 =

N

¢
’
’
¢
’
’/ ’

o

]
¥

]

a [ ]
]

" ]

]

o

o

1
\

]

|

" ]

d ] "

[ ] "
i’ ¥
d

-
_-

f
1
i
Fa

é
L]
i

A I AN I

A
u “ _.__\..q..
[ u " g

: .

.
_-

T§ : ’ : Rm

[
L

A

’
d
’
’
4

4
4

7 )
§ i
: Z

e

i i
_\._1..1._1..__1..1._1.._1._1.1..1..__1,._-..1.._1\..1..1.\.__1..1.__1.__1..1.__“.1.__1.1..1..__1.1..1.._1._1._1..1.._1¢1..1.._1.__1..1..1.._1.__1..1.._1.__1.._-.._“.._1._1._1..1.._1._1..1.._1.__1._1.\.._1.__1.\.._1.__1.\..1.._1.__1._1.._1.__1._1..1-___...__1.\.\.\.\.\\.\.\\.\.ﬁ\.\.\.\\.\.\.\.\\.\.\__“_ﬂ\.
i

I B~ < L= S S R
™ o N s [ s

laquinu ||82 aAle|oy

11 18

o
L

N -
S

MMW-LMW

=11l 126

MMW-MMW

i)

Number of Layers of Polypeptide

FIG. 21

+

I
.E.._"..”.... - ..ﬂ.

+
L]
]

Wm

ﬁ
+..u..-...-ﬂ_. e --.

-I
‘l

FI1G. 22



U.S. Patent Aug. 30, 2016 Sheet 11 of 15 US 9,428.849 B2

L = w1 n - B3 g e

/

Y

/

[ ] a [

f=A

Average fiber diameter (um)

e

\ \ N M \ " N \ > ' \ n

13 15 24 25 S0 35 44 5 Su 55 (=) b5
Polymer concentration (%w/v)

F1G. 23

SRR AR
SRR TR

S
gl e Ny
2 AR

L, = g R, \ . ; - o
. . . L e N . .  m, , 5 5 . ' m l,.- e -

) R Y, e e
\i\\x‘:\k . .. : .'.- \ .'..:l..". - ll.l.-!.'l-.l [ ] .q:l"q_ L] "q, :': m L ..I ] ! ] ", :‘q_ :'.- ) ; “\.::I:.' .l .I.:.'. L] " .‘.h‘lq - -
"\" ‘\ * '."' ; ) \ . . t_:l-. n 'l. LY -: LA 'l.':l. "-\...'.I h : L i "-.:h: ||.__I|."'I|. iy e I"_"ll "1‘-:- o "l|- L

\ : - - a0 s \‘ o :..-._::.‘ b S 0 L L n -"\q o m .""-.,ll.._l

S
%{ : .
. N
n N .'h;'q \H-- 'E'.E:

) W

we
N u

ettt 1 S,

L

:":;ff;::::- N R N e o

w - i I ' .:::l:.‘ .- an) "1-:‘- W

" PRl B e e
\‘hﬁ\u‘%""‘:‘“ R

e, ; .\ -
.-I:l.lll.l.'l..l-I ';‘l

:':"- s -
. . || - L]

'I_‘ll_‘l - .
L P

o
T
B

R R AR R R
™, : .. :' " ', ..' q‘- l|... .\.. =, = _‘ 'h.._ L ': l‘l n n
H ._-».W‘h \ *x\\ ﬁ‘:{l. \':Q.*'-.\\. S N

"’l.."..I “l‘\ \ ,.'Il.'lll. LN " m,

B

T e e D ‘\ R o
™ e T N o T B, O e e "\'\ "\\ N A
R o e R ‘h% RN R R T R
-: ] ! ) - a7 i '-'_-'-' o .":":'-. P sl T a
e, T - ] ) ! m e R, e L L = .. n " n :__..‘:._‘:-'l.-: :‘... \h_\: e
El.::::l -ﬂ.- : . l:l\\:ixi...h‘\:l.“\ . H‘

.‘Il_ - s l.:n.'lh".\_.‘ -
:: 3 ‘.::... él:- . E!."’::
R

DR
\:\\

N

“‘-\‘K‘i‘ E“‘-“‘\“‘ﬁﬁ\\ﬁ R N
w\ﬁx\\\% TR




U.S. Patent

Aug. 30, 2016 Sheet 12 of 15

US 9,428,849 B2

me
I
[ %

-
-
o
-q:"
1
-
rm

-"..-.._ ----

L]
L e e

-
-
A i _— =T
-_.__ill" -”:-_-.:_--____IIIIIIM
- [
----- - - - — T ——
T © % iyl e =
R — ==l N e o o
-l__l-l'-'-' """'h--__._-
= = L -
et e -
_am T T mmwww _ _ _ _ _
— - — e TR e m -
________.--.--.--.-..-'-I = .- —
] L
_‘l.-.-l R TR TR TR TR -
U T mmmemamaa.
-."'L S Ammmmm—m— L L T L N N N Lanunwnmeg T
— ., ans r————"‘-"'—"-"-"-"-. -------
-
R T -'-._-'-'--—-__ - am
‘-ﬁ'_--_"-.'-.“_____ e -h‘-"'-_-'..
[

- "-.11111____---‘
—_—

OB . -. - --..
."-lll_ e _mEERTT
.I. -------.-.-.
.-.-|- ------- .~
l.I'_-_-""-""-.__.

[

-

TOSS

——— T ] ) _,.A"
"‘l‘;l"ﬂ' — ERERTE . L] "'
1111111 e e T am - -
wmwm _ _ . w—uwm .
e Tt T T T - '-“—___—- - "y : L-:q
- S T e -k .
LS S i
LR = ) !
— e m m R o " o, 1 o
L. S Q0
————_n - :'h_-.l . . I
' -iamw ___a"” ) - - r
e I i
bl Rl WO ] L.
ot

TR

1280

-

1500

}

F."a2 FJ'w."2 FJa'w."a2 Fa " -n

CIT

FI1G. 25

-

—

o
H

-
e e F R E R gt g E E S al F etk il

o

rJ

=

Viaye

-, - r

25040

-.
* -
s e i - | N N e
r_
|'."_h

-\'_Mh_-t

N

S ————

Lol _ol ol wrara

e rrrrrr

—

Tr'—.'-.

-

D IUSU0ST Y

L)

0.2

£

i
2250



U.S. Patent Aug. 30, 2016 Sheet 13 of 15 US 9,428.849 B2

-

rrrrr
llllll
llllllll
llllllllll
77777
11111111

1111111

|||
lllllll

----------
llllllllll

111111

111111

I e

LI

r
[

IR, no R
_"';-:"T" ‘.;}1“__ '-:."..".:, T " o .‘.\
' et
.k\.‘f\i‘:q I-.-. : N + 1 % u 1 +::: T::i:;.:%‘ ' -

_‘:::.-'x,t“-\ e Eﬁ&%&\\

e S R \

':::::: \\\Q\\\ R 3 :
AR \.\\\\

llllll
T

l--' -

- 4
-
.

2 . - m

- r
s Y F

.
-'J

g
N
b’x
"

o
L I I 3

1
L - LI} -
, L] 1 - n [ =
4+ R L)
v LY L]
LIk + L] L]
- - . 1T e <
] " X LI
- % LY
L T Y [ ] |
LR L i r + 1 1 -
L) T r + 1 4 W 1 N
Tk R ¥ L3 1 L 1 r
+ 4 Bk LI | - L] '
NN W . a L] - - . .
4 N LN xl L - [ + ~ n o L] .
T LY b+ = - 4 = LER |
L] [ 1 LB K] = IR r | )
L ] L 2 1] LI B | '
- - . =g - r - -
L] 1 1 -+ - r 3 L
L] - & [l L] W,
| - - L] [l L | 0
- - -
L] = 1 ]
L] LIE ] LI = r a

. . o ' -
] o . o
. . Pl | . |
. . .
am a a a o i -
. . . . ] r Ve "
. A Ve . . .
ST, e - -
. L I .
r LaT Tl . D 'moa N B
- e - 1
4 . T . .
. - - ) - i et

Jﬁﬂfﬁ-—’#'-" Sl e e

-----
rrr
Bl

XLV
H.. J‘ I ]
F

.......
--------
.......

-
lll
------------
++++++++++++

4 %" k&

- 4 r - - d -4 + am Pl -
STy, A
3 LIENE ST n . - r

A
; ;,;:';;F: Sl
..l ...:. r El
i
=

}:;:f:_i:.}_f;;-;;li et "

AL

LI -
........
________
1111111111111

M . . ) - . Ll . . [
. . . . - P ~ ] .. e, = m, .
o I L e u o SERC PR - m - W N ., . -k n w_ e
- - . . - -=u EN - W . - W . - & - e [ e ] N
. ¥ -+ (G B e, + - o n "I ) I ' - L] . 1 - hon n, .
1 L1 oeom a w L] * . m “nm n U UL r . - ) -k ' ] i ) n
m w . - - n aal . . g . W mm L I i m . P aw o _ ' - "
- T = - PR " + e Wk - v ' X o ) At Ew '
. = - . - B R s LR « 1 m * - ] ] . - ] v ] . mu -
L - L] " 3 1 IBEE e = - L] ) ru - . . . -an -+ L] Ca NN L
X X r mgnT .- ok ok - ] oA N - o+ - I - . - o o+ W PRI -
= - v N . w’o Twla s i - . e A ' . . . mtaTi w - T L o i - . P
L o ] - I3 . K -+ 1t Wl R EREE W e 1+ L] ] r i 4 ] [ ' LR IEIERE
. » LI L] - M - . m - . 1 N, e wm . .. LI W - e .1 -l .1 . * n n - - I - -
" - L] ] A AL . L " ] w ot n IR . -k ] M o+ . L AR N T ) U W E P . A mL - ‘ . ] m 4m
- *y " P L] . ] -t am v P . i = . at e e ame . B, . n gt [ . n' M
- - " . o . . . Ty L + . LI 1] I .- L IO | " .o . - am W L L]
" - r oo - . L] P [ LI ] - B, - B v L R - W E N v ok X P ] M [ - aiyn Ly
r * T e r . Voo - m - . Lk oaom e m R r 1w o kNN 'm . D W N LN A
P a e ' - - Sm PR -n X My - I i N - L o T T e N Sy T e gy " - u
'H. ‘h". ' L R L] = - L] [ - L] + LI CE R NERCEE W K A S AENC R R I N - L] L] -
n . - . . rr T b AR . L] . . . + - 1 - M - ] [ A LN , n . -
e A N R e ' . ronon LI . . , - - 4 7 i AR YR RN [ Y ron , LI L]
- . R ERERR = . . L N L3 - r B e R R [0 , , n M

Z

/ “NHQ

F1G. 27



US 9,428,849 B2

Sheet 14 of 15

Aug. 30, 2016

U.S. Patent

(NDHSATIAL) >_oa -Lopuell 67 @Hm

\/M‘M J“/%@\ U0I1103)01da(]
O
g0 NHZa0
Z4qOHN
\/@ /Aﬁ@\ loyeniul Mf\\zﬂu_ W NH
vﬁ vﬁo O O

3¢ DIH
CH =Y ‘sAq o S =M ‘NIO) CH =¥ JA] o
ZQOHN.__~__O%H =Y ‘sk7 o4 NmO\:/\o H =y nio uod 280~ )-O%H =Y IAL o
SYON pIoe oc_cm_m-d
L X Oy e
O OVUO auabsoydu|

O



U.S. Patent Aug. 30, 2016 Sheet 15 of 15 US 9,428.849 B2

X - L ok i:i__'.: A S
"ninglr's -yl .._._'_"' . =y
] ' " - ".__" ..."ll- 'm
AREE e
o .

R A SR A T T
; : ' AR SR %

wéfﬁﬂ '
L

'._. '\."_'-."'hz;ﬁ-éf;-'
o

:.: ':.,. ; : 1""::: \ .
. ’-_-.': . 31 T 1.{::'-. S
. '%fgﬁggga'ggﬁx

W%ﬁ“%

n
oy
1

"

s

i ;f-ﬁﬁ' i
4 IR
i

_ iy ..-"; ”
X
"“.ur .i".i"':: i

g
At
i
s ;
.
'l'i'.l"‘fi’l’ .

- Jl.r_ "

SN AN
ﬁﬁm\}h \@@\}l\ EQ&ﬂ h\

N
N

3 _:._l..!
, !

TR T by

VRN
R

e R .
SR NS ot @&%@ %

=
4 N
|

u

A
R

h

SNTE NN A A AL : '
PRI TR R N
o < KT .

S

a
- o
- . s, i

o
R
x{kx
B \
A o
RN \
- -
: F&:?‘ N ‘ ﬁi
o '. ‘nay -'.;:_. l::.ll"«. T .": %&K
NN ERTRN "&‘ ‘ﬁ{m ﬁ\
R R “u‘i“.x
\.\1 1 .'.: \‘% 'n 111: ?‘\“!“'%:-"h‘. 4

LA NERIITY %k

FI1G. 31




US 9,428,349 B2

1

POLYPEPTIDE ELECTROSPUN
NANOFIBRILS OF DEFINED COMPOSITION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s the U.S. national stage application of
International Patent Application No. PCT/US2011/041253,
filed Jun. 21, 2011, which claims priority to U.S. Application
No. 61/356,955, filed Jun. 21, 2010, the disclosures of each of
which are imncorporated herein by reference in their entirety.

This application claims the benefit of U.S. provisional
application Ser. No. 61/356,955, filed Jun. 21, 2010, which 1s
herein incorporated by reference in 1ts entirety.

This invention was made with government support under
U.S. Army Medical Research and Materiel Command grant
number W81 XWH-07-1-0708. The government has certain

rights in the invention.

BACKGROUND OF THE INVENTION

Polymer fibers have been used 1n numerous medical appli-
cations. For example, sutures can be made of polymer fibers,
such as non-biodegradable polymers. Fibers can also be
woven or meshed to form wound dressings, tissue engineer-
ing matrices, gauzes and bandages, and drug delivery devices.
In a drug delivery device, a drug can be encapsulated with the
polymer and released by diffusion and/or degradation. These
polymeric fibers often have diameters of 50 micros or greater,
many 1n the range of hundreds of microns. They can be
limited by the inflexibility of the matenials they are formed of.

Nanofibers with diameters 1n the nanometer to low micron
range can also be obtained from polymers. For example, U.S.
Pat. No. 7,235,295 discloses such polymeric nanofibers for
tissue engineering and drug delivery.

Nanofibrils made of organic polymers are of considerable
interest in the scientific community and 1n industry for arange
of technological applications (for example, Huang et al.,
2003, S1ll and von Recum, 2008), however, each of the exist-
ing polymer nanofibrils or nanofibers has limitations. Thus, 1t
1s an object of the present invention to provide an improved
polymer nanofibril and method of making the same.

BRIEF SUMMARY OF THE INVENTION

The subject invention 1s drawn to polypeptide electrospun
nanofibrils and methods of manufacturing the same.

In one embodiment, the subject mvention can include an
clectrospun nanofibril comprising at least one polypeptide.

In another embodiment, the subject invention can include a
method of preparing an electrospun nanofibril, comprising;:
dissolving a polypeptide 1n a solvent to form a solution; and
clectrospinning the solution to form the -electrospun
nanofibril.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic of an electrospinning apparatus
that can be used 1n a method of manufacturing an electrospun
polypeptide nanofibril according to an embodiment of the
present invention. A syringe pump 1s used for continuous feed
of polymer solution over extended time periods. The collector
1s electrically conductive and can be an indium tin oxide-

coated sheet of plastic. The voltage (V) can be on the order of
10 kV.

FIG. 2 shows a fibril mat.
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FIG. 3 shows electrospun fibrils according to an embodi-
ment of the present invention.

FIG. 4 shows an electrospun fibril according to an embodi-
ment of the present invention.

FIG. 5 shows an electrospun fibril according to an embodi-
ment of the present 1nvention.

FIG. 6 shows electrospun fibrils according to an embodi-
ment of the present invention.

FIG. 7 shows an electrospun fibril according to an embodi-
ment of the present invention.

FIG. 8 shows SEM 1mages of electrospun mats of fibrous
polypeptides according to an embodiment of the present
invention. (A) 400x magnification; scale bar 1s 50 um. (B)
1800x; scale bar 1s 10 um. The feedstock was 40% w/v
poly(L-ornithine) (PLO) 1n water.

FIG. 9 shows a graph of polypeptide fiber diameter (1in um)
vs. PLO concentration.

FIG. 10 shows fibrous polypeptide mats according to an
embodiment of the present invention. The scale bars are: (A)

100 um, (B) 10 um, (C) 200 and (D) 100 um. The feedstock
was 40% w/v PTO 1n water.

FIG. 11 shows an electrospinning apparatus that can be
used 1n a method of manufacturing an electrospun polypep-
tide nanofibril according to an embodiment of the present
invention. A syringe can be used to feed polymer solution and
can lead to the formation of a Taylor Cone. The collector 1s
clectrically conductive. The voltage (V) can be, for example,
5-20 kV.

FIG. 12 shows SEM 1mages of electrospun mats of fibrous
polypeptides according to an embodiment of the present
ivention. (A) 140x magnification; the scale bar 1s 100 um.
(B) 900x magnification; the scale bar 1s 20 um. (C) 1600x
magnification; the scale bar1s 10 um. The feedstock was 50%
w/v poly(L-glutamate, tyrosine) (PLEY) 4:1 1n water.

FIG. 13 shows images of electrospun mats of fibrous
polypeptides, according to an embodiment of the present
invention, (A) with no further treatment, (B) following addi-
tion of a few drops of deionized water (DI) for about one
minute and drying for about one hour (the fiber web has
dissolved), and (C) following cross-linking in EDC-ethanol
solution for about four hours, immersion in DI for about two
days, and drying for about three hours (note that EDC 1is
1 -ethyl-3-[3-dimethylaminopropyl|carbodiimide hydrochlo-
ride).

FIG. 14 shows an SEM 1mage of an electrospun mats of
fibrous polypeptides according to an embodiment of the
present invention. The magnification 1s 850x, the scale bar 1s
20 um, and the feed stock was PLEY 4:1.

FIG. 15 shows an SEM 1mage of an electrospun mat of
fibrous polypeptides according to an embodiment of the
present invention. The magnification 1s 1700x, the scale bar 1s
10 um, and the feed stock was PLEY 4:1.

FIG. 16 shows protease digestion for an electrospun mat of
fibrous polypeptides according to an embodiment of the

present invention. (A)-(D) The protease 1s Glu-c protease (cat
#90054 Thermo Scientific USA), incubation of about five

hours at about 37° C., pH of about 8, with a 50 Mm ammo-
nium bicarbonate builer; the electrospun mat was made from
a feed stock of PLEY 4:1. (E)-(H) The protease 1s protease
X1V (cat # p3147, Sigma, Mo., USA), incubation of about
five hours at about 37° C., pH of about 7.4, with a 10 Mm

phosphate builer saline (PBS) bufler; the electrospun mat was
made from a feed stock of PLEY 4:1. Magmfication, scale
bar, and percentage (w/v) of protease: (A) 330x, 50 um scale
bar, 0% protease; (B) 160x, 100 um scale bar, 0.002% pro-
tease; (C) 180x, 100 um scale bar, 0.02% protease; (D) 180x,
100 um scale bar, 0.2% protease; (E) 200x, 100 um scale bar,
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0% protease; (F) 180x, 100 um scale bar, 0.002% protease;
(G) 160x, 100 um scale bar, 0.02% protease; (H) 180x, 100
um scale bar, 0.2% protease.

FI1G. 17 shows a cross-linking scheme fora PLEY 4:1 fiber.

FIG. 18 shows absorbance vs. wavenumber (cm™) for a
cast from solution, a fiber, and an EDC-fiber according to an
embodiment of the present invention. The fiber 1s made from
PLEY 4:1.

FI1G. 19 shows cell cultures of an electrospun mat of fibrous
polypeptides according to an embodiment of the present
invention. (A) 1s on tissue culture polystyrene (TCPS), (B) 1s
on I'TO, and (C) shows EDC-cross-linked electrospun PLEY
on ITO-PET. The electrospun mat was made from a feed
stock of PLEY 4:1.

FIG. 20 shows a light microscopy image of nanofibers
according to an embodiment of the present invention. The

nanofibers are V*,,C*,. V* 1s VPGVG (SEQ ID NO: 1), and
C* 15 VPGVGVPGVGVPGCGVPGVGVPGVG (SEQ ID
NO: 2), where V=valine, P=proline, G=glycine, and
C=cystemne. A Zeiss Axiovert 200M microscope was used,
equipped with a 40x objective.

FIG. 21 shows reproducibility and layer dependence of
NIH 3713 cell proliferation on a non-functionalized synthetic
biomatrix. The synthetic biomatrix was prepared from
polypeptides by layer-by-layer assembly.

FIG. 22 shows an SEM 1mage of an electrospun mat of
aligned fibrous polypeptides according to an embodiment of
the present invention. The magnification 1s 900x, the scale bar
1s 20 um, the voltage was 19 kV, and the feed stock was 55%
(w/v) PLEY 4:1.

FIG. 23 shows fiber diameter as a function of polymer
feedstock concentration for PLO and PLEY (diamonds—
PLEY, squares—PLO).

FIG. 24 shows fluorescence micrographs of cross-linked
PLEY fibers on ITO-PET (indium tin oxide-polyethylene
teryphthalate) electrospun at 50% (w/v). Fluorescein 1sothio-
cyanate-poly(L-lysine) (FITC-PLL) was deposited as 1n
layer-by-layer assembly. (A) Sample incubated with 2
mg/mL FITC-PLL for about one hour and rinsed with DI. (B)
Sample incubated with 5 mg/mL FITC for about one hour and
rinsed with DI. (C) Sample incubated with 5 mg/mL FITC for
about one hour and rinsed with DI. (D) Sample rinsed with
DI. All micrographs were obtained with a 10x objective lens.
The scale bar 1s 20 um 1n each case.

FIG. 25 shows 1n situ FTIR spectra of an as-cast film and
clectrospun fibers of PLEY on ITO-PET before and after
cross-linking. The spectra were obtained 1n ATR mode.

FI1G. 26 shows light micrographs of normal human dermal
fibroblasts (NHDFs) culture 1n vitro. The substrate was (A)
tissue culture polystyrene, (B) ITO-PET, or (C) EDC-cross-
linked electrospun 55% PLEY on ITO-PET. A 10x objective
was used. White arrows highlight specific fibers, shaded
arrows specific cells. The scale bar 1s 100 um 1n each case.

FI1G. 27 shows side chain structure of (A) ornithine and (B)
lysine.

FIG. 28 shows a scheme of synthesis for c-amino acid
N-carboxyanhydrides (NCAs). Tyrosine, glutamic acid and
lysine are shown as examples.

FI1G. 29 shows a scheme of synthesis for random copoly-
merization of NCAs. A tyrosine-lysine-glutamic acid tripep-
tide 1s shown as an example.

FIG. 30 shows a fluorescence micrograph of fibroblasts in
vitro. F-actin was stained with rhodamine-phalloidin, nuclear
DNA with DAPI, and poly(Glu, Tyr) fibers with FITC-poly
(L-lysine) after EDC cross-linking.

FIG. 31 shows SEM micrographs of cross-linked electro-
spun 55% PLEY fibers following proteolytic digestion for
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about five hours at 37° C. A) 0%, B) 0.002%, C) 0.02%, D)
0.2% (w/v) Glu-C protease 1n 50 mM ammonium bicarbonate

bufler, pH 8. A) 200x, all others, 180x. The accelerating
potential was 25 kV or 30 kV. The scale bar 1s 100 um 1n each
case.

BRIEF DESCRIPTION OF THE SEQUENCES

T— [
—
A S A J

S D NO: 1 represents the amino acid sequence of V*.
SEQ ID NO: 2 represents the amino acid sequence of C*.
SEQ I
C
S

D NO: 3 represents the partial amino acid sequence
himeric protein La-V*,,C*,,.

EQ ID NO: 4 represents the partial amino acid sequence
of chimeric protein LB3-V*,,C*,.

SEQ ID NO: 5 represents the partial amino acid sequence
of chimeric protein FN-V*, C*,,.

SEQ ID NO: 6 represents the partial amino acid sequence
of chimeric protein CI-2-V* ,C*,,.

SEQ ID NO: 7 represents the partial amino acid sequence
of chimeric protein CIV-V*, C*,.

SEQ ID NO: 8 represents the partial amino acid sequence
of chimeric protein MSH-V*, ,C*.,.

DETAILED DISCLOSURE OF THE INVENTION

The subject invention 1s drawn to polypeptide electrospun
nanofibrils and methods of manufacturing the same. As used
herein, the abbreviations Lys, Tyr, Phe, Glu, Ala, kDa, and nm
refer lysine, tyrosine, phenylalamine, glutamic acid (acidic
form) or glutamate (basic form), alanine, kiloDalton, and
nanometer, respectively.

In one embodiment, the subject invention can 1clude an
clectrospun nanofibril comprising at least one polypeptide.

In another embodiment, the subject invention can include a
method of preparing an electrospun nanofibril, comprising;:
dissolving a polypeptide in a solvent to form a solution; and
clectrospinning the solution to form the -electrospun
nanofibril.

In yet another embodiment, the subject invention can
include a method of preparing an electrospun nanofibril, com-
prising: dissolving at least one polypeptide 1n a first solvent to
form a first solution; dissolving at least one organic non-
polypeptide polymer in a second solvent to form a second
solution; combining the first solution and the second solution
to form a solution blend; and electrospinming the solution
blend to form the electrospun nanofibril.

Peptides account for about half of the dry mass of a living
organism. Polypeptides are polymers of amino acids.
Polypeptides constitute one of just four classes of natural
biopolymers, the others being nucleic acids, polysaccharides,
and phospholipids. All proteins are made of peptides (they
have specific amino acid sequences and are “folded” polypep-
tides), and peptides are biodegradable and absorbable by the
human body. Additionally, polypeptides are generally envi-
ronmentally benign and they can have highly specific bio-
functionality.

Modermn methods of peptide preparation, such as solid-
phase synthesis, solution-phase synthesis, and genetic engi-
neering of microorganisms, have enabled mass production of
a very large proportion of chemical structures in the space of
all possible amino acid sequences, considering the “usual
amino acids” alone (that 1s, the 20 most common amino acids
found in genetic material), for which there are 20 diflerent
side chains. For a peptide of relatively modest degree of
polymerization, for example, 32 residues, there are 20°~ pos-
sible sequences or over 10* different chemical structures.
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That 1s, a practically endless variety of peptide structures can

be made from just the “usual” amino acids alone.
However, the related art includes very little guidance as to

the conditions under which nanofibrils could be made from

polypeptides of defined composition or of the properties of 53

peptide-based nanofibrils. The related art includes no teach-
ing ol which, 11 any, polypeptide structures could be advan-
tageous for electrospinning, nor 1s 1t obvious which condi-
tions could be advantageous for a specific polypeptide
structure that may be spinnable.

The subject mvention includes methods for manufactur-
ing electrospun nanofibrils made from polypeptides or poly-
mer blends involving polypeptides. Electrospinning 1s a
materials processing method that can be used to fabricate
continuous, ultra-fine fibers of nanometer diameter {from
polymers 1n solution. Electrospun fibers can be produced
from a solution containing polymers. Polymer solubility,
clectrostatic repulsion between polymer molecules, and
solution conductivity may influence spinnability. A high
voltage can be applied to a droplet of solution. As the droplet
stretches, a critical point 1s reached, and a stream of liquid
bursts forth from the surface, forming the Taylor Cone, an
eponym of the Cambridge physicist Sir Geollrey Ingram
Taylor. Under favorable conditions, the stream of polymer
solution will be continuous, and the solvent will evaporate.
The polymer fiber becomes deposited on a collector (which
may be electrically grounded) that 1s usually planar or
cylindrical, but may have some other shape. The process can
lead to the formation of uniform fibers of nanometer-scale
diameter. The fibers are typically disorganized, as in a
non-oven mat, but they can be oriented, depending on details
of the spinning process. Nanofiber mats have an especially
large surface area and a high porosity. Mat thickness can
depend on spinning time. In general, synthetic polymers are
simpler to process and yield a more controlled nanofibrous
morphology than natural polymers.

Many of the advantageous properties of nanofibers
according to embodiments of the subject invention, includ-
ing surface area, porosity, and controllable thickness,
resemble features of the extracellular matrix (ECM). This
structure provides support and anchorage for cells, segre-
gates tissues from one another, and can nfluence cell
behavior in a variety of ways. Properties of the ECM may be
especially relevant to the functional properties of a bioma-
terial. Nanofiber mats can therefore be useful for controlling
cell migration, proliferation, and other aspects of cell or
tissue behavior.

In an embodiment, electrospun nanofibrils are made from
a solution of polypeptides of defined composition, alone or
in combination with other kinds of (non-polypeptide)
organic polymers of defined composition. The electrospun
fibrils of the subject invention can be useful for many
applications, such as product creation 1n the biosciences,
bioengineering, and medicine.

In an embodiment, referring to FIGS. 1 and 11, a syringe
pump can be used to continuously feed a polymer solution
(at a constant flow rate) over long time periods. The solution
exiting the syringe or syringe pump can form a Taylor Cone,
though embodiments are not limited thereto. The collector 1s
a conductor, for example, an indium tin oxide-coated sheet
of plastic. The collector can be grounded. The applied
voltage can vary depending on the process conditions. For
example, the voltage can be on the order of 10 kV. In one
embodiment, the voltage can be 1n a range of from 5 kV to
30 kV. In another embodiment, the voltage can be 10 kV or
about 10 kV. In a turther embodiment, the voltage can be 12
kV or about 12 kV. The syringe needle mnner diameter can
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be, for example, from 0.1 mm to 1.5 mm. The distance from
the nozzle to the collector can be 1n a range of, for example,
from 1 cm to 100 cm. In an embodiment, the nozzle-
collector distance can be 1n a range of from 5 cm to 15 cm.
In a further embodiment, the nozzle-collector distance can
be 10 cm or about 10 cm.

FIG. 2 shows a scanning electron microscopy (SEM)
image ol accumulated nonwoven and non-oriented fibrils of
poly(styrene-co-dimethylsiloxane). The image, from the
Rutledge lab at the Massachusetts Institute of Technology,
has been recolored.

In several embodiments, a solution of one or more poly-
peptides can be prepared and then used for electrospinning
into a fibril. The solution can be prepared in any reasonable
solvent known 1n the art, for example, water, ethanol,
dimethylsulfoxide, glycerol, toluene, cyclohexane dimeth-
ylformamide, acetic acid, dichloromethane, ethylacetate,
formic acid, hydrochlonide acid, 1,1,1,3,3,3 Hexafluoro-2-
propanol, hexafluoroisopropanol, methanol, trifluoroacetic
acid, 2,2,2-trifluoroethanol, tetrahydrofuran, and mixtures
thereof. The concentration of each polymer 1n solution can
be from about 5 pg/mlL to about 3.75 mg/mL. In certain
embodiments, the concentration of each polymer 1n solution
can be from about 10 ug/ml to about 750 pg/ml. The
peptide solution can be a 13% (by weight) solution in water.
In a further embodiment, the concentration of polymer(s) 1n
solution can be from 1% (w/v) to 65% (w/v). In a turther
embodiment, the concentration of polymer(s) in solution can
be from 10% (w/v) to 55% (w/v). In a further embodiment,
the concentration of polymer(s) 1in solution can be from 10%
(w/v) to 50% (w/v). In a further embodiment, the concen-
tration of polymer(s) 1n solution can be from 33% (w/v) to
50% (w/v). For example, an aqueous solution of 35% (w/v)
of poly(L-ornithine) or an aqueous solution of 50% (w/v)
poly(L-glutamate, tyrosine) can be used.

In an embodiment, a solution of one or more polypeptides
and one or more non-polypeptide organic polymers can be
prepared and then used for electrospinning into a fibril. The
solution can be prepared in any reasonable solvent known 1n
the art, for example, water. In an embodiment, the peptide
solution can be a 13% (by weight) solution 1 water. In a
further embodiment, the concentration of polymer(s) 1n
solution can be from 1% (w/v) to 65% (w/v). In a turther
embodiment, the concentration of polymer(s) in solution can
be from 10% (w/v) to 35% (w/v). In a further embodiment,
the concentration of polymer(s) 1in solution can be from 10%
(w/v) to 50% (w/v). In a further embodiment, the concen-
tration of polymer(s) 1n solution can be from 33% (w/v) to
50% (w/v). For example, an aqueous solution of 35% (w/v)
of poly(L-ornithine) or an aqueous solution of 50% (w/v)
poly(L-glutamate, tyrosine) can be used.

Any peptide or polypeptide that can be dissolved to form
a solution (1n one or more solvents) can be used 1n embodi-
ments of the subject invention. Such a peptide or polypep-
tide can used to form a solution which can be used for
clectrospinning to produce an electrospun nanofibril accord-
ing to embodiments of the subject invention. Polypeptides
that can be used according to embodiments of the subject
invention include, but are not limited to, poly-L-arginine,
poly-L-lysine, poly-L-aspartic acid, poly-L-glutamic acid,
poly-L-glutamic acid, poly-L-proline, and poly-L-1soleu-
cine, poly(lysine, phenylalanine), poly(L-ornithine), poly(L-
glutamate, tyrosine), poly(Glu, Tyr, Lys), or any blend or
combination thereof.

Polypeptides and combinations that can be used according,
to embodiments of the subject invention include, but are not
limited to, poly-L-arginine poly-L-lysine, poly(Lys, Tyr),




US 9,423,349 B2

7

poly(Lys, Phe), poly-L-aspartic acid, poly-L-glutamic acid,
poly(Glu, Tyr), poly (Glu, Ala), poly (Glu, Ala, Tyr), poly-
L-proline, poly-L-1soleucine, poly(lysine, phenylalanine),
poly(acrylic acid), poly(lysine, phenylalanine), poly(L-orni-
thine), or any combination or blend thereof (e.g., a blend of
poly(acrylic acid) poly(lysine, phenylalanine), and poly(L-
ornithine)).

In certain embodiments, the polypeptide(s) used accord-
ing to embodiments of the subject invention can include any
one or more of the following: poly-L-arginine hydrochloride
(15 kDa-70 kDa), poly-L-lysine hydrobromide (15 kDa-30
kDa), poly-L-lysine hydrobromide (40 kDa-60 kDa), poly
(Lys, Tyr) Lys:Tyr (4:1) hydrobromide (20 kDa-50 kDa),
poly(Lys, Phe) Lys:Phe (1:1) hydrobromide (20 kDa-50
kDa), poly(Lys, Tyr) Lys:Tyr (1:1) hydrobromide (50 kDa-
100 kDa), poly-L-aspartic acid sodium salt (15 kDa-50
kDa), poly-L-glutamic acid sodium salt (15 kDa-30 kDa),
poly-L-glutamic acid sodium salt (30 kDa-100 kDa), poly
(Glu, Tyr) Glu:Tyr (4:1) sodium salt (20 kDa-50 kDa),
poly(Glu, Tyr) Glu:Tyr (1:1) sodium salt (20 kDa-50 kDa),
poly (Glu, Ala) Glu:Ala (6:4) sodium salt (20 kDa-50 kDa),
poly (Glu, Ala, Tyr) Glu:Ala:Tyr (6:3:1) sodium salt (20
kDa-50 kDa), poly-L-proline (>>30 kDa), poly-L-1soleucine
(5 kDa-15 kDa), poly(lysine, phenylalanine), a blend of
poly(acrylic acid) and poly(lysine, phenylalanine) 1n a ratio
of 1:1 by volume, and a blend of poly(acrylic acid) and
poly(lysine, phenylalanine) 1n a ratio of 3:1 by volume.

In preferred embodiments of the subject invention, pep-
tides and polypeptides used for electrospinning are soluble
in at least one solvent. That 1s, the peptide or polypeptide 1s
capable of being solubilized 1n a solvent.

In an embodiment, peptides and polypeptides that can be
used according to embodiments of the subject mmvention
include those that are soluble 1n water at a temperature
within a range of 20° C. to 30° C. In a further embodiment,
peptides and polypeptides that can be used according to
embodiments of the subject invention include those that are
soluble 1n water at a concentration 1n a range of 1% (w/v) to
65% (w/v). In a further embodiment, peptides and polypep-
tides that can be used according to embodiments of the
subject invention include those that are soluble 1n water at a
temperature within a range of 20° C. to 30° C. at a concen-
tration 1n a range of 1% (w/v) to 65% (w/v).

In an embodiment, peptides and polypeptides that can be
used according to embodiments of the subject imvention
include those that satisty the opposite charges criterion.

The opposite charges criterion 1s defined as follows: if
both basic and acidic side chains are present in a polypep-
tide, and 1t 1s assumed that each basic side chain will have
a charge of +1 and each acidic side chain a charge of -1, and
if the cumulative number of such side chains represent more
than 10% of the side chains of the entire polymer, then the
absolute value of the balance of charge (minus charges—plus
charges)/DP>0.3 (where DP=degree of
polymerization=chain length). For example, the polymer
poly(Glu, Lys, Tyr) 6:3:1 has 90% 1onizable side chains and
a balance of charge per residue of (6-3)/10=0.3. This
polymer, then, 1s at the edge of the criterion. The polymer
poly(Glu, Lys, Tyr) 7:2:2 has 82% i1onizable side chains a
balance of charge per residue of (7-2)/11=0.4535, which
meets the criterion. The polymer poly(Asp, Arg, Ala) 5:4:5
has 64% 1onizable side chains and a balance of charge of
(5-4)/14=0.07, which does not meet the criterion.

In an embodiment, peptides and polypeptides that can be
used according to embodiments of the subject imvention
include those that are continuously spinnable at a flow rate
in a range of from 1 ul/min to 100 pl/min. In a further
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8

embodiment, peptides and polypeptides that can be used
according to embodiments of the subject invention include
those that are soluble 1n water at a temperature within a
range of 20° C. to 30° C. and are continuously spinnable at
a flow rate 1 a range of from 1 ul/min to 100 pul/min. In
a further embodiment, peptides and polypeptides that can be
used according to embodiments of the subject imvention
include those that are soluble 1n water at a concentration 1n
a range of 1% (w/v) to 65% (w/v) and are continuously
spinnable at a flow rate 1n a range of from 1 pul/min to 100
ul/min. In a further embodiment, peptides and polypeptides
that can be used according to embodiments of the subject
invention include those that satisty the opposite charges
criterion and are continuously spinnable at a flow rate 1n a
range of from 1 ul./min to 100 uL/min. In a further embodi-
ment, peptides and polypeptides that can be used according
to embodiments of the subject invention 1nclude those that
are soluble 1n water at a temperature within a range of 20°
C. 10 30° C. at a concentration in a range of 1% (w/v) to 65%
(w/v) and satisly the opposite charges criterion. In a further
embodiment, peptides and polypeptides that can be used
according to embodiments of the subject invention include
those that are soluble 1n water at a temperature within a
range of 20° C. to 30° C. at a concentration 1n a range of 1%
(w/v) to 65% (w/v) and are continuously spinnable at a flow
rate 1n a range of from 1 ul/min to 100 pL/min. In yet a
turther embodiment, peptides and polypeptides that can be
used according to embodiments of the subject invention
include those that are soluble 1n water at a temperature
within a range of 20° C. to 30° C. at a concentration 1n a
range of 1% (w/v) to 65% (w/v) and satisly the opposite
charges criterion, and are continuously spinnable at a flow
rate 1 a range of from 1 ul./min to 100 ul./min. In a further
embodiment, polypeptides that can be used according to
embodiments of the subject invention include those with a
degree of polymerization (DP,=chain length) of at least 25,
preferably 25-13500.

In an embodiment, peptides and polypeptides that can be
used according to embodiments of the subject imvention
include those that satisty the following: (non-polar surface
arca—polar surface area)/DP<100 square angstroms/residue,
where ‘non-polar surface’ and ‘polar surface’ refer to side
chains only and the terms are defined as 1n Wimley et al.
(1996). The calculated value may be negative. For example,
if the polymer poly(L-lysine) has an average DP of 1310, 1ts
polar surface area will be about 88.3x10° square angstroms,
its non-polar surface about 129.2x10° square angstroms, and
the net non-polar surface will be 31.2 square angstroms per
residue. For poly(L-omithine) with an average DP of 604,
the polar surface of side chains is 40.7x10° square angstroms
and the non-polar is 43.9x10° square angstroms, giving a net
non-polar surface of 5.3 square angstroms per residue. For
poly(Glu, Tyr) 4:1 with a DP of 186, the polar surface 1s
13.6x10° square angstroms and the non-polar surface is
12.6x10° square angstroms, giving a net non-polar surface
of —5.28 square angstroms per residue.

In an embodiment, a blend of polymers can be electrospun
into fibrils. The blend can comprise two polymers 1n a ratio
by volume of, for example, 1:3 or 1:1. The blend can be
formed by combining a solution of one polymer (for
example, a 25% solution 1n water) with a solution of another
polymer (for example, a 13% solution in water). In a further
embodiment, the concentration of polymer(s) in each solu-
tion can be from 1% (w/v) to 65% (w/v). In a further
embodiment, the concentration of polymer(s) in each solu-
tion can be from 10% (w/v) to 33% (w/v). In a further
embodiment, the concentration of polymer(s) in each solu-
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tion can be from 10% (w/v) to 50% (w/v). In a further
embodiment, the concentration of polymer(s) in each solu-
tion can be from 35% (w/v) to 50% (w/v). For example, an
aqueous solution of 35% (w/v) of poly(L-ornithine) and/or
an aqueous solution of 50% (w/v) poly(L-glutamate, tyro-
sine) can be used.

In many embodiments, electrospun nanofibrils comprise

at least one species of polypeptide. Each nanofibril can have
a diameter of less than a micron. In alternative embodi-
ments, the fibrils can have a width of more than a micron or
about a micron. In an embodiment, the fibrils can have a
width of about 2.5 microns. In certain embodiments, the

fibrils can have a width of 750 nm, about 750 nm, 950.9 nm,
or about 951 nm. The term ““about,” as used herein before a

measured value, refers to within measurement error of the

value following the term “about,” typically +/-5% of the

value (for example, “about 750 nm™ refers to 712.5 nm to
787.5 nm). Preterably, the diameter of the fibrils ranges from
about 10 nm up to about 10 um. The methods of the subject
invention can be used to electrospin any peptide, including,
but not limited to, the 20 usual amino acids, other natural
amino acids (aside from the 20 usual; for example, ornith-
ine), synthetic or non-natural amino acids, and/or amino
acid-like molecules that join to form peptide-like polymers
(for example, peptoids). The methods of the subject mnven-
tion can also be used to electrospin combinations of these
peptides.

In certain embodiments, the polypeptides can be cross-
linked, either before or after electrospinning. The polypep-
tides can be cross-linked using, for example, aldehydes,
EDC, disulfide cross-linking, and/or oxidation. These
examples should not be construed as limiting. Aldehydes,
for example, glutaraldehyde (GTA), are useful for cross-
linking amines. EDC (1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride) 1s a zero-length cross-linking
agent used to couple carboxyl groups to primary amines. If
the peptides being electrospun contain cysteine, or they can
be modified to contain free sulthydryl groups, the polymers
can be cross-linked by mere oxidation.

In a specific embodiment, GTA can be used to cross-link
the amino acid ornithine. Ornithine has a free amino group
in the side chain, and GTA 1s symmetrical, so it can react
with one amino group in one chain and another one in
another chain, linking the two together.

In an embodiment, poly (L-ornithine) was dissolved in

water and continuously electrospun to produce electrospun
naonfibrils. However, poly(L-lysine) 1s not continuously
spinnable when dissolved 1n water. Poly(L-lysine) 1s highly
soluble 1n water, but >300 kDa poly(lysine) was not spin-
nable from water, and 15-50 kDa poly(lysine) 1s spinnable at
40% though not continuously; at other concentrations the
lower DP poly(lysine) was not spinnable at all (note that DP
1s degree of polymerization). This 1s surprising that an
aqueous solution of poly(L-ormithine) can be continuously
clectrospun to produce electrospun nanofibrils, because poly
(L-lysine) cannot be. FIG. 27 shows side chain structure of
(A) ormithine and (B) lysine; the two side chains differ by a
single methylene group. Ormithine has one fewer methylene
group. The amino group 1s positively charged at neutral pH.
The carbon atom on the opposite end of the side chain 1s the
a.-carbon 1n each case.
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The fibnils of the subject mmvention may show good
adhesion to human vascular endothelial cells (HUVECs),
which are important 1n angiogenesis, vasculogenesis, wound
healing, and cancer research. In an embodiment of the
subject invention, a method can include characterizing prop-
erties of electrospun polypeptide fibers. For example, fiber
mat solubility and/or biocompatibility can be characterized,
in vivo and/or 1n vitro.

Elastin 1s a key structural component of the ECM 1n many
tissues. Contributing to the elasticity and recoil of skin,
clastin 1s also a constituent of the thin walls of arteries and
veins, ligaments, lung parenchyma, and itestines. This
chemically inert and highly insoluble material 1s composed
of several covalently cross-linked molecules of 1ts precursor,
tropoelastin, a 67 kDa soluble, non-glycosylated, hydropho-
bic protein. Elastin also plays a role 1 storing mechanical
energy 1n load-bearing tissues in animals. Elastin 1s a
biological “elastomer”, or viscoelastic polymer.

In an embodiment of the present invention, elastin-like
peptides (ELPs) can be used to make fibers by electrospin-
ning. ELPs can be usetul as biomedical maternials, alone or
in combination with other chemical species. Chimeric pep-
tides of ELP and fibroblast growth factor (FGF-ELPs),
which can self-assemble into nanoparticles, have desirable
properties for treating chronic wounds. ELP chimeras can
also present advantages for the development of other kinds
of biomaterials. Extracellular matrix (ECM) biochemical
cue-ELP chimeras can be used to prepare electrospun non-
woven fiber mats for coatings for in vitro/ex vivo cell and
tissue culture. That 1s, peptide chimeras can be electrospun
using feedstock comprising ELPs and/or biochemical cues
derived from ECM proteins. In an embodiment, the poly-
mers used for electrospinning can have a molecular weight
of less than 80 kDa. In an embodiment, the fiber diameter

can be from 500-2000 nm.

Any ELP can be used for feedstock to produce an elec-
trospun nanofibril. In an embodiment of the subject mnven-
tion an ELP used for feedstock can include any one or more
of the peptides shown 1n Table 2. Table 2 1s for exemplary
purposes only and should not be construed as limiting. Table
1 shows nomenclature for the V and C structural units listed

in Table 2. The peptide V*,,C*,, which has a calculated
mass of 20.5 kDa, can be used. Referring to FIG. 20, the
gene product 1s both readily purified and spinnable.

TABLE 1
ELP nomenclature
Structural Corresponding amino Mags
unit aclid sequence* (Da)
V* VPGVG (SEQ ID NO: 1) 409
C* VPGVGVPGVGVPGCGVPGVGV PGVG 2050
(SEQ ID NO: 2)
V = valine,
P = proline,
G = glycine,
C = cystelne



US 9,423,349 B2

11 12

TABLE 2

ELP chimeras
Peptide Mags
name (kDa) Remarks
V*40C%*5 20 The base structure of the peptide chimeras
La-V*,,C*, 21 Laminin, al chain, IKVAV-GGGGGC-V*,,C*, (SEQ ID NO: 3)
LB-V*,,C*, 21 Laminin, Bl chain, YIGSR-GGGGGC-V*,,C*, (SEQ ID NO: 4)
FN-V*,,C%, 21 Fibronectin, RGD-GGGGGC-V*,,C*, (SEQ ID NO: 5)
CI-2-V*,,C*, 22 Collagen I, GTPGPQGIAGQRGVV-GGGGGC-V*,,C*, (SEQ ID NO: &)
CIV-V*,,C*%, 22 Collagen IV, GEFYFDLRLKGDKY-GGGGGC-V*,,C*, (SEQ ID NO: 7)
MSH-V*,,C%*, 22 Oa-melanocortin stimulating hormone,

SYSMEHFRWGKPV-GGGEGEGEC-V* ,4,C*,

(SEQ ID NO:

8)

Electrospun elastomer matrices can be characterized both Y and then in differentiation medium (Lonza), which can be

physico-chemically and biologically. Electron microscopy
can be used to characterize fiber diameter and mat morphol-
ogy. FTIR 1n attenuated total reflectance (ATR) mode can be
used to compare peptide structure 1n solution and 1n fibers.
FIG. 18 shows absorbance vs. wavenumber (cm™") for a cast
from solution, a fiber, and an EDC-fiber according to an
embodiment of the present invention. The fiber 1s made from

PLEY 4:1.

Wide-angle X-ray scattering can be used to assess fiber
crystallimity. A dynamic mechanical analyzer can be used to
determine the stress-strain behavior of mats. Fiber strength
can be, for example, a logarithmic function of molecular
weight beyond a certain threshold value needed for spin-
nability. The same reasoning may apply to a non-woven
fiber mat. Fiber solubility 1n water can be characterized, and
the rate of dissolution 1n water at 25° C. can be determined
by least-squares regression analysis.

Cells obtained from a commercial source (e.g., Lonza,
Walkersville) can be cultured at 37° C. 1n 5% CO,, on fiber
mats spun onto indium-tin-oxide-coated plastic or on a
control surface. Control substrates for determining cell
count on fibers made of biochemical cue-ELP chimeras can
be fibers made of V*,,C*, alone, the substrate alone, and
bare tissue culture plastic alone. Note that V* 1s VPGVG
(SEQ 1D NO: 1) and C* 1S
VPGVGVPGVGVPGCGVPGVGVPGVG (SEQ ID NO:
2), where V=valine, P=proline, G=glycine, and C=cysteine.
For proliferative cells (rMSCs and B16-F10s), the culture
medium can be changed every about 48 hours until cells are
confluent. Various cell types, e.g. 3T3 cells and normal
human dermal fibroblasts, attach and proliferate normally on
unmodified indium-tin-oxide-coated plastic. The number of
adhered cells can be measured with, for example, a
CyQuant® NF cell proliferation assay kit (Molecular
Probes™; (C35006) after 1, 3, and 7 days of culture, referring
to FIG. 21. FIG. 21 does not show electrospun fibers.
Fluorescence intensity can be measured at ambient tempera-
ture with, for example, a Wallac 1420 VICTOR2 fluores-
cence microplate reader (PerkinElmer Inc., USA) with exci-
tation at 485 nm and emission detection at 530 nm. Each set
of conditions can be analyzed 1n at least two independent
experiments, seven replicates per experiment. Melanin pro-
duction by B16-F10s can be assayed by in-situ measurement
of relative absorbance at 450 nm. Absorbance per cell at this
wavelength can also be compared between samples. rMSCs
can be cultured 1n normal growth medium for about 24 hours
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changed every about 72 hours. Diflerentiation to osteoblasts
can be quantified by a calcium deposition assay after 21-28
days, depending on cell apoptosis, which can be monitored
daily by microscopy. Cell data sets can be compared by
Student’s t-test. p values <0.05 can be considered statisti-
cally significant.

In an embodiment, the solvent used with the feedstock can
be water. The feedstock can also include any one or more of
the ELPs of Table 2. The physicochemical properties of
these peptides, and therefore of the fibers, can depend more
on the ELP part of the chimera than the biochemical cue
part. The biochemical properties of similar fibers can thus be
quite different.

In an embodiment, additional cysteine residues can be
added to the ELP by, e.g., modifying the corresponding gene
near the 5'-end or the 3'-end.

In an embodiment a copolymer with ornithine can be used
in solution (e.g., an aqueous solution) to produce electro-
spun nanofibrils. Monomers that can be used to make such
a copolymer with ornithine include, but are not limited to,
any of the monomers listed 1n Table 3. In various embodi-
ments of the subject invention, a copolymer of ornithine and

a monomer from Table 3 can be made according to the
polymer compositions listed in Table 3.

TABLE 3

Ornithine copolymers

Other

monomer Reason Polymer composition

N/A Test average At least three values, e.g., 50
molecular weight kDa, 25 kDa, 15 kDa
(degree of
polymerization)

Lysine Poly(lysine) 1s At least three mole ratios, e.g.,
less spinnable Orn:Lys::100:1, Orn:Lys::10:1,
than Orn:Lys::1:1
poly(omithine),
despite
similarty (see
FIG. 2)

Alanine Side chain At least three mole ratios, e.g.,

Orn:Ala::100:1, Orn:Ala::10:1,
Orn:Ala::1:1

consists of a
methyl group,
promotes &
helix formation
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TABLE 3-continued

Ornithine copolvmers

Other

monomer Reason Polymer composition

Glycine No side chain, At least three mole ratios, e.g.,
destabilizes Om:Gly::100:1, Orn:Gly::10:1,
secondary Om:Gly::1:1
structure

Proline Side chain 1s At least three mole ratios, e.g.,
bonded to the Om:Pro::100:1 and Orn:Pro::10:1
polymer
backbone, can
form an
unusual type of
helix [¥]

Valine Hydrophobic, At least three mole ratios, e.g.,
[p-branched Om:Val::100:1, Orn:Val::10:1,
side chain Om:Val::1:1

Serine Hydrogen At least three mole ratios, e.g.,
bond donor in Orm:Ser::100:1, Orn:Ser::10:1,
side chain Ormn:Ser::1:1

In an embodiment, a polypeptide used to produce elec-
trospun nanofibrils can be any of the compositions listed in
Table 4 (synthetic version of the biomaterial source listed).
The motifs 1n Table 4 are from structural proteins. The mole
ratios of amino acids for polypeptide synthesis can be set in
relation to motif sequence. For example, spider silk 1s 40%
alamine. If 40% alanine and 60% ornithine 1s soluble, it may
be useful for electrospinning. The synthesis product will be
a random co-polymer. In the case that the peptide should
prove spinnable, the resulting fibers can be characterized.

For tropoelastin, glycine and hydroxyproline can be com-
bined with ormithine to the extent that the synthesis product
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1s spinnable. The amino acid sequence of the resulting
polymer will be random. Nevertheless, some instances of
GXOG can occur and influence polymer and fiber proper-
ties.

TABLE 4

Selected amino acid sequence motifs from proteins

Biomaterial Structural Composition or
source feature motif*

Spider silk P sheets 40% Ala

— Amorphous domains GGX, GA, GPGX
Silkwork silk [ sheets GA, GAGS, GGA
Tropoelastin - GXOG

Eggshell — VPXYG

Elastin — VPGXG

Collagen Triple helix GPX, GXO

*X and Y, any amuno acid. O, hydroxyproline.

In an embodiment, oligopeptides synthesized by a solid-
phase method can be combined with amino acid monomers
in a solution-phase synthesis reaction, leading to advanta-
geous tissue culture scaflolds.

In an embodiment, the polypeptide solution can include
any one or more of the polypeptides listed 1n Table 3. The
data 1n Table 5 were obtained by empirical study of the
polypeptides.

In an embodiment, the polypeptide solution can include
any one or more of the polypeptides listed in Table 6. A
complex balance of charge and hydrophobic surface area per
umt length, molecular weight, solvent polarity, counterion
concentration, polymer concentration, and solution viscos-
ity, among other properties, can make a polypeptide suitable
for electrospinning.

TABLE 5

Summary of synthetic Eptide electmspinning results

Approx.
MW Behavior in  Fiber, wt diameter
Polymer (kDa) aq. sol’n % (nm)  Contimuous? Fibers Cross-linking
Poly(Glu) 15-50 Highly N - - - -
50-100 soluble
Poly(Glu, Lys) 4:1 >150 Gelates Y, 1-5 100-200 N Soluble —
casily
Poly(Glu, Tyr) 4:1 20-50 Soluble Y, 20-35 250-2000 Y, good Insoluble at  With diamine
app. pH 2 (or carbodiimide)
Poly(Glu, Lys, Tyr) 20-50 Soluble N — — — —
6:3:1
Poly(Lys) >300 Highly N - - - -
soluble
Poly(Lys) 15-50 Highly Y, 40 N.D N Soluble —
soluble
Poly(omithine) >100 Highly Y, 30 140-1500 Y, OK app. Insoluble at With
soluble pH 12 glutaraldehyde
TABLE 6
Peptide structures
General Target
Sub- polymer degree of
project structure Mole ratio  polymerization Rationale
A Ormn:VPGXG* 10:01 >50 kDa  Table 5, amuino acid sequence of elastin, a structural protein
Glu:GRGDG* 10:01 >50 kDa  Table 5, amimo acid sequence of fibronectin
Orn:Gly:Pro 2:01:01 >50 kDa  Table 5, amino acid sequence of collagen
Glu:Gly:Pro 2:01:01 >50 kDa  Same as previous with anion substituted for cation
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TABLE 6-continued
Peptide structures
General Target
Sub- polymer degree of
project  structure Mole ratio  polymerization Rationale
B Cys:Orn 1:25 >50 kDa Table 5, amino acid sequence of many secreted proteins
Cys:Glu 1:25 >50 kDa Same as previous with anion substitute for cation
C Om:Arg 0.111111111 >50 kDa Based on data in Table 5 and recognition site of trypsin
Omn:Lys O.111111111 >50 kDa Same as previous with lysine substituted for arginine

*Orn = ormithine, a natural amino acid involved 1n the urea cycle and an intermediate on the synthetic pathway of arginine. It 1s selected here

because 1t 15 known to work. See Khadka and Haynie (2010). VPGXG = Val-Pro-Gly-X-Gly. GRGDG = Gly-Arg-Gly-Asp-Gly.

In an embodiment, a polypeptide solution used for elec-
trospinning can include at least one polypeptide and at least
one non-polypeptide polymer.

The advantages of the use of synthetic peptides for
clectrospinning, according to embodiments of the subject
invention (vis-a-vis proteins and non-biological polymers)
include: control over water solubility and water spinnability;
reduced need of organic solvents; avoidance of grafting
steps for biofunctionalization (because functional motifs are
directly incorporated 1n polymers); and avoidance of animal
source materal.

In an embodiment of the present invention, a polypeptide
used for electrospinming can be cross-linked. For example,
the polypeptide can be cross-linked using any of the cross-
linkers listed 1n Table 7. In several embodiments, the cross-
linking can be done after electrospinning

TABLE 7

Cross-linking methods

Cross-linker Positives Negatives
Glutaraldehyde Requires Toxic
AIMINO groups
Carbodiimide  Requires Requires diamine for carboxylate
carboxylate groups in the absence of amino
Cysteine Requires Requires control over
thiol groups reducing potential of solution

In an embodiment, poly(L-glutamate, tyrosine) (PLEY)
can be dissolved 1n a solvent and used to produce electro-
spun nanofibrils. The solvent can be, for example, water. In
a Turther embodiment, homogenous nanofibers of pure syn-
thetic polypeptide can be electrospun from an aqueous
solution of PLEY in the absence of organic solvent and
non-biological synthetic organic polymer. The PLEY con-
centration in solution can be 1n a range of for example, 10%
(w/v) to 55% (w/v). In an embodiment, the PLEY concen-
tration 1n solution can be 1n a range of 20% (w/v) to 50%
(w/v). In a specific embodiment, the PLEY concentration 1n

solution can be 50% or about 50% (w/v).

In an embodiment, one or more random copolymers can
be used 1 a solution to electrospin nanofibrils. Random
copolymers can be synthesized by ring-opening polymer-
ization of a-amino acid N-carboxyanhydrides (NCAs), as
shown 1n FIGS. 28 and 29. The resulting polymers can be
polydisperse and have no precise sequence, but they can
have a definite amino acid composition. For example, the
first two structures listed 1n Table 6 can have units of precise
sequence as mdicated, though these units can be included at
random in the growing polypeptide. Polymer chain length
and polydispersity can depend on, for example, synthesis
conditions.
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In certain embodiments, polypeptides used for electro-
spinning can have certain key characteristics. These can
include water solubility before spinning, water insolubility
alter spinning and possible further processing, advantageous
chemical functionality for various purposes, e.g. chemical
cross-linking, controlled non-immuno-biochemical func-
tionality, controlled longevity 1n a biochemical environment,
and controlled immunogenicity for in-vivo applications. The
physical, chemical, and biological properties of polypeptide
nanofibers and nanofiber mats electrospun from aqueous
solution can be controlled by controlling the amino acid
composition and sequence of synthetic polypeptides. In
many embodiments of the present invention, organic co-
solvents and non-biological organic polymers can be
excluded from the polymer feedstock.

Referring again to Table 5, the data suggest that the
determinants of spinnability are non-obvious. For example,
several highly-charged and highly-soluble peptides have
proved surprisingly unsuitable for electrospinmng. One such
peptide 1s poly(L-glutamic acid), or poly(Glu). It 1s possible
that these apparently non-spinnable peptides can be spin-
nable under other conditions, for instance, a change of
degree of polymerization. Poly(L-lysine), or poly(Lys), gave
very poor libers at best, and only when the range of degree
of polymerization corresponded to a molecular weight
(MW) range of 15-30 kDa. It i1s surprising that poly(L-
ornithine), which differs from poly(Lys) by a single meth-
ylene group in the side chain, was spinnable (see FIG. 27).
The counterion was bromide for both basic side chains.

In embodiments of the present invention, the solution
used for electrospinning nanofibers or nanofibrils can
include random co-polymers, polymers “naturally” cross-

linked (e.g., by disulfide bond formation), random incorpo-
ration of non-random, pre-made peptide-based motifs (e.g.,
RGD), or any combination thereof. Embodiments of the
subject invention can also include biochemical or biological
characterization of materials (e.g., non-woven materials).
Control over peptide structure, as 1 embodiments of the
subject mvention, can enable crucial biomedical and bio-
technological goals to be met, including avoidance of animal
source material, “tunability” of physical, chemical, and
biological properties of the fibers and fibrous materials, and
the possibility of incorporating non-natural amino acids to
achieve a specific technical purpose (e.g., rate of materials
degradation). In an embodiment of the present invention, the
structure of at least one polypeptide used for electrospinning
can be “tuned” to ensure that 1t an advantageous structure.

Electrospun nanofibers and nanofibrils according to
embodiments of the subject invention can advantageously
allow control over solvent, amino acid composition or
sequence, lfiber properties, and properties of the resulting
fiber mats. In addition, methods of the subject mmvention
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advantageously allow for advanced synthesis methods for
polymer production, including chemical synthesis and/or
microbial synthesis.

Electrospun nanofibers and nanofibrils according to
embodiments of the subject mmvention can have advanta-
geous applications 1n several areas. These include, but are
not limited to, tissue engineering, wound healing, drug
delivery, small-diameter vascular graft implants, surgical
sutures, porous membranes for skin, liquid filtration, gas
filtration, molecular filtration, electrostatic dissipation, elec-
tromagnetic interference shielding, photovoltaic devices
(¢.g., nano-solar cell), LCD devices, clothing with lowered
airr impedance, higher efliciency in trapping aerosol par-
ticles, anti-bio-chemical gases, skin cleansing, skin healing,
skin therapy with or without medicine, thermal sensors,
piczoelectric sensors, biochemical sensors, fluorescence
optical sensors, and chemical sensors. Attractive features of
clectrospun nanofibers and mats according to embodiments
of the subject mvention can include a high surface-to-
volume ratio, very high porosity, and tunable physico-
mechanical properties. These properties of electrospun
nanofibers and mats are unique; they are not characteristics
of the corresponding bulk material. Fiber mat morphology,
mechanical strength, pore size, shape, fiber distribution, and
structure can be controlled. It 1s advantageous for materials
development and production that manipulation of the poly-
mer feed stock solution and process variables 1s relatively
straightforward.

In several embodiments, nanofiber mats are intended for
biomedical applications and are biocompatible and degrad-
able; they have suitable mechanical properties under tar-
geted conditions, and to the extent possible, they benefit
from the ability to control material properties at the nano-
meter scale. An artificial matrix can influence cell growth,
proliferation, differentiation, and other properties. Pore size,
fiber size, tensile strength, Young’s modulus, strain at break,
and other physical properties of the mats can aflect cell
behavior. Physical properties of the mat can be controlled by
controlling, e.g., the physical properties of the polymer(s)
and/or conditions of the spinning process.

Electrospun scafiolds of electrospun nanofibers and nano-
fibrils according to embodiments of the subject invention are
uselul for different tissue engineering applications. There 1s
flexibility 1n the selection of polymers, and the ability to
control scaflold properties. Other relevant considerations 1n
tissue engineering include fiber orientation, porosity and
functionalization. Polymers may be natural or synthetic,
biodegradable or non-degradable, pure or blended. One can
optimize for mechanical and biomimetic properties.

Regarding drug delivery applications, the dissolution rate
of a particulate drug will increase as the surface area of the
carrier increases. Drug release at a defined rate over a
definite period of time 1s possible. Drug loading is easily
achieved during electrospinning according to embodiments
of the subject mvention, and the high applied voltage
required for fiber production will generally have little intlu-
ence on drug activity. The large surface area of fibers and
therefore the short diffusion path length of small molecules
will yield a higher overall release rate than for the corre-
sponding bulk matenial. Other drug loading methods are
possible, for mnstance, fiber mat coatings and encapsulation
(coaxial and emulsion electrospinning). These techmiques
can be used to provide control over drug release kinetics.
There 1s considerable tlexibility in the type of drugs that can
be incorporated: small molecules, peptides, proteins, nucleic
acids, and others. The drug release profile can be further
controlled by tuning polymer structure, nanofiber morphol-
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ogy and composition, and fiber mat porosity. Biodegradable
and/or non-degradable materials can be used to control the

character of drug release: diflusion alone or diflusion com-
bined with scatfold degradation. The large surface area of a
clectrospun nanofibril fabric according to embodiments of
the subject mvention enables fast and eflicient solvent
gvaporation.

Regarding wound healing applications, early-stage heal-
ing can be mmproved using an electrospun material over
normal cotton gauze. Electrospun nanofiber mats can also be
used as a scaflold to mimic native ECM 1n dermal wound
healing.

Biosensors are analytical devices for detection of ana-
lytes. A device 1s typically composed of a sensitive biologi-
cal element, a detector and a signal processor. The large
surface areca of an electrospun fiber mat according to
embodiments of the subject invention can be useful for
enabling sensitive detection of analytes, especially in con-
ductometric sensors.

MATERIALS AND METHODS

A solution of one or more polypeptides can be prepared
and then used for electrospinning into one or more fibrils.
The solution can be prepared 1n any reasonable solvent
known 1n the art, for example, water or water 1n combination
with a co-solvent, for example, ethanol. In an embodiment,
a solution of one or more non-polypeptide organic polymers
can be prepared, blended with the polypeptide solution, and
then the blend can be used for electrospinming into one or
more fibrils. In such a blend, the ratio of polypeptide to
organic polymer can be, for example, one or less. In certain
embodiments, the ratio of polypeptide to organic polymer
can be greater than one.

The electrospun fibrils can be prepared using the appara-
tus shown 1n FIG. 1 or 11. The polymer or polymer solution
can be provided in the syringe, and a voltage can be applied
across the metallic needle and the collector, leading to an
clectrified jet of the polymer. The collector 1s a conductive
matenial, for example, indium-tin-oxide-coated plastic,
which 1s a conductive, transparent, mechanically flexible,
and inexpensive material that 1s readily available. In an
embodiment, during formation of the electrospun fibrils, the
clectric field strength can be varied by changing the voltage
difference or distance between syringe and collector. For
example, the electric field strength can be varied from about
10° V/m to about 7x10° V/m. In an embodiment, the electric
field strength can be about 10° V/m.

Polypeptides that can be used according to embodiments
of the subject mvention include, but are not limited to,
poly-L-argimine, poly-L-lysine, poly-L-aspartic acid, poly-
L-glutamic acid, poly-L-glutamic acid, poly-L-proline, and
poly-L-1soleucine, poly(lysine, phenylalanine), and poly(L-
ornithine).

Polypeptides and combinations that can be used according,
to embodiments of the subject invention include, but are not
limited to, poly-L-arginine poly-L-lysine, poly(Lys, Tyr),
poly(Lys, Phe), poly-L-aspartic acid, poly-L-glutamic acid,
poly(Glu, Tyr), poly (Glu, Ala), poly (Glu, Ala, Tyr), poly-
L-proline, and poly-L-1soleucine, poly(lysine, phenylala-
nine), and a blend of poly(acrylic acid) poly(lysine, phenyl-
alamine), and poly(L-ormaithine).

In certain embodiments, the polypeptide(s) used accord-
ing to embodiments of the subject invention can include any
one or more of the following: poly-L-arginine hydrochloride
(15 kDa-70 kDa), poly-L-lysine hydrobromide (15 kDa-30
kDa), poly-L-lysine hydrobromide (40 kDa-60 kDa), poly
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(Lys, Tyr) Lys:Tyr (4:1) hydrobromide (20 kDa-50 kDa),
poly(Lys, Phe) Lys:Phe (1:1) hydrobromide (20 kDa-50
kDa), poly(Lys, Tyr) Lys:Tyr (1:1) hydrobromide (50 kDa-
100 kDa), poly-L-aspartic acid sodium salt (15 kDa-50
kDa), poly-L-glutamic acid sodium salt (15 kDa-30 kDa),
poly-L-glutamic acid sodium salt (30 kDa-100 kDa), poly
(Glu, Tyr) Glu:Tyr (4:1) sodium salt (20 kDa-350 kDa),
poly(Glu, Tyr) Glu:Tyr (1:1) sodium salt (20 kDa-50 kDa),
poly (Glu, Ala) Glu:Ala (6:4) sodium salt (20 kDa-50 kDa),
poly (Glu, Ala, Tyr) Glu:Ala:Tyr (6:3:1) sodium salt (20
kDa-50 kDa), poly-L-proline (>>30 kDa), poly-L-isoleucine
(5 kDa-15 kDa), poly(lysine, phenylalanine), a blend of
poly(acrylic acid) and poly(lysine, phenylalanine) 1n a ratio
of 1:1 by volume, and a blend of poly(acrylic acid) and
poly(lysine, phenylalanine) in a ratio of 3:1 by volume.

EXEMPLIFIED EMBODIMENTS

The mvention includes, but 1s not limited to, the following
embodiments:

Embodiment 1: An electrospun nanofibril, comprising at
least one polypeptide.

Embodiment 2: The electrospun nanofibril according to
embodiment 1, wherein the at least one polypeptide com-
prises poly(L-glutamate, tyrosine) or poly(L-ornithine).

Embodiment 3: The electrospun nanofibril according to
any of embodiments 1-2, further comprising at least one
non-polypeptide organic polymer.

Embodiment 4: The electrospun nanofibril according to
any of embodiments 1-3, wherein the at least one non-
polypeptide organic polymer 1s poly(acrylic acid).

Embodiment 5: The electrospun nanofibril according to
any ol embodiments 1-4, wherein the at least one polypep-
tide 1s poly(lysine, phenylalamine).

Embodiment 6: The electrospun nanofibril according to
any ol embodiments 1-35, wherein a diameter of the nano-
fibril 1s less than a micron.

Embodiment 7: The electrospun nanofibril according to
any of embodiments 1-6, wherein a diameter of the nano-
fibril 1s about 750 nm.

Embodiment 8: A method of preparing an electrospun
nanofibril, comprising:

dissolving a polypeptide 1n a solvent to form a solution;

clectrospinning the solution to form the electrospun nano-
{ibril.

Embodiment 9: The method according to embodiment 8,
wherein the polypeptide comprises poly(Glu, Tyr) or poly
(L-ornithine).

Embodiment 10: The method according to any of embodi-
ments 8-9, wherein a diameter of the nanofibril 1s less than
a micron.

Embodiment 11: The method according to any of embodi-
ments 8-10, wherein electrospinning the solution comprises
clectrospinning the solution 1n an electric field of from about
10 V/m to about 7x10°> V/m.

Embodiment 12: The method according to any of embodi-
ments 8-11, wherein the solvent 1s water.

Embodiment 13: A method of preparing an electrospun
nanofibril, comprising;:

dissolving at least one polypeptide 1 a first solvent to
form a first solution;

dissolving at least one organic non-polypeptide polymer
in a second solvent to form a second solution;

mixing the first solution and the second solution to form
a solution blend; and

clectrospinming the solution blend to form the electrospun
nanofibril.
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Embodiment 14: The method according to embodiment
13, wherein the at least one polypeptide comprises poly(Glu,
Tyr) or poly(L-ornithine).

Embodiment 15: The method according to any of embodi-
ments 13-14, wherein a diameter of the nanofibril 1s less than
a micron.

Embodiment 16: The method according to any of embodi-
ments 13-15, wherein electrospinning the solution blend
comprises electrospinning the solution blend 1n an electric
field of from about 10° V/m to about 7x10° V/m.

Embodiment 17: The method according to any of embodi-
ments 13-16, wherein the at least one organic non-polypep-
tide polymer 1s poly(acrylic acid).

Embodiment 18: The method according to any of embodi-
ments 13-17, wherein the at least one polypeptide 1s poly
(lysine, phenylalanine); wherein the first solvent 1s water;
and wherein the second solvent 1s also water.

Embodiment 19: The method according to any of embodi-
ments 13-18, wherein the first solution 1s a 13% solution of
poly(lysine, phenylalanine); wherein the second solution 1s
a 25% solution of poly(acrylic acid); and wherein the
solution blend comprises a volume ratio of the first solution
to the second solution of 1:1 or 1:3.

Embodiment 20: The method according to any of embodi-
ments 13-19, wherein the first solvent 1s water.

Embodiment 21: The method according to any of embodi-
ments 13-20, wherein the second solvent 1s water.

Embodiment 22: The method according to any of embodi-
ments 13-17 and 19-20, wherein the second solvent 1s not
walter.

Embodiment 23: The method according to any of embodi-
ments 1-5, 8-9, 11-14, and 16-22, wherein a diameter of the
nanofibril 1s more than a micron.

Embodiment 24: The electrospun nanofibril or method
according to any of embodiments 1-5, 8-9, 11-14, and 16-22,
wherein a diameter of the nanofibril 1s about a micron.

Embodiment 25: The electrospun nanofibril or method
according to any of embodiments 1-24, wherein a diameter
of the nanofibril 1s from about 10 nm to about 10 um.

Embodiment 26: The electrospun nanofibril or method
according to any of embodiments 1-4, 6-17, and 20-25,
wherein the at least one polypeptide 1s poly(L-ornithine).

Embodiment 27: The electrospun nanofibril or method
according to any according to any of embodiments 1-4,
6-17, and 20-25, wheremn the at least one polypeptide 1s
poly(L-glutamate, tyrosine).

Embodiment 28: The electrospun nanofibril or method
according to any according to any of embodiments 1-27,
wherein the at least one polypeptide 1s a synthetic polypep-
tide.

Embodiment 29: The electrospun nanofibril or method
according to any according to any of embodiments 1-28,
wherein the at least one polypeptide satisfies the opposite
charges criterion.

Embodiment 30: The electrospun nanofibril or method
according to any according to any of embodiments 1-29,
wherein the at least one polypeptide satisfies the following
equation: (non-polar surface area-Polar surface area)/
DP<100 square angstroms/residue, wherein DP 1s the degree
of polymerization of the at least one polypeptide.

Embodiment 31: The electrospun nanofibril or method
according to any according to any of embodiments 1-30,
wherein the degree ol polymerization of the at least one
polypeptide 1s at least 25.

Embodiment 32: The method according to any according,
to any of embodiments 8-31, wherein the at least one
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polypeptide 1s present 1n the solution at a concentration 1n a
range of from 1% to 65% (w/v).

Embodiment 33: The electrospun nanofibril or method
according to any according to any ol embodiments 8-32,
wherein the at least one polypeptide 1s dissolved 1n the
solvent at a temperature 1n a range of from 20° C. to 30° C.

Embodiment 34: The electrospun nanofibril or method
according to any according to any of embodiments 8-33,
wherein electrospinning the solution comprises continu-
ously electrospinning the solution at a flow rate 1n a range of
from 1 pul/min to 100 pulL/min.

Following are examples that illustrate procedures for
practicing the invention. These examples should not be
construed as limiting. All percentages are by weight and all
solvent mixture proportions are by volume unless otherwise
noted.

Example 1
Electrospun PAA Fibril

Poly(acrylic acid) (PAA) was electrospun into a fibril. The
fibrils were prepared from a 25% solution 1n water (Poly-
sciences, Inc., USA, catalog #03326, molecular weight over
200 kDa). Fibril diameter was about 750 nm. The resulting
fibrils are shown 1n FIG. 3, the scale bar of which 1s 20 um.

Example 2

Electrospun PAA/PLF Fibril

A blend of PAA and poly(lysine, phenylalanine) (PLF)
was electrospun into a fibril. The blend of PAA solution and
PLF solution was 1n a ratio of 1:1 by volume. The average
molecular weight of the PLF was about 48 kDa (Sigma,
USA). PLF was prepared as a 13% solution 1n water and
mixed with 25% PAA 1 a 1:1 v/v ratio. The mixture was
diluted to 4:5 with HCI, pH 1.8 for electrospinming. The
resulting fibrils are shown 1n FIG. 4, the scale bar of which
1s 200 um.

Example 3

Electrospun PAA/PLF Fibril

Forming another set of fibrils from the same blend of PAA

and PLF used in Example 2 resulted in the fibril shown 1n

FIG. 5. The fibril 1s hundreds of microns long, and no
beadlike structures can be seen. The electric field Strengt'n

can be changed during fibril spinming. This fibril 1s much
thicker than the one of Example 2. The scale bar of FIG. 5
1s 200 um.

Example 4

Electrospun PAA/PLF Fibril

Fibrils of a blend of PAA and PLF were electrospun. PLF
(13.3%) was mixed with 25% PAA in a 1:3 v/v ratio. The
sample was not diluted further. No beadlike structures were

detected. The fibrils are about 2.5 microns thick. The result-
ing fibrils are shown 1n FIG. 6, the scale bar of which 1s 50
L.

Example 5

Electrospun PAA/PLF Fibril

Fibrils of a blend of PAA and PLF were electrospun. The
sample was sputter-coated with gold for visualization by
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scanning electron microscopy. Electrospinning was done 1n
the Nanoscience Technology Center at the University of

Central Florida and the sample was analyzed 1n the Nano-
materials and Nanomanufacturing Research Center at the
University of South Florida. The diameter 1s 950.9 nm. The
resultmg fibrils are shown 1n FIG. 7, the scale bar of which
1s 10 um.

Example 6

Electrospun Poly(L-Ornithine) Fibril

All of this work was done 1n the Department of Physics,
University of South Florida.

Lyophilized poly(L-ornithine) hydrobromide (152 kDa by
viscosity), GTA (25% w/v 1n water), and indium tin oxide
(ITO)-coated poly (ethyleneterephthalate) (60 €/in”) were
obtained from Sigma-Aldrich (USA) and used as received.
Syringe needles for electrospinning were from Jensen
Global (USA). A Glassman (USA) PS/FX20P15.0-11 20kV
power supply was used to generate electrical potential.

Poly(L-ornithine) (PLO) was dissolved 1n deionized (DI)
water 1n the range 10-40% w/v and introduced into a 1 mL
syringe fitted with a blunt-tip metal needle capillary of inner
diameter 0.6 mm. A copper wire connected the needle tip to
the positive pole of the power supply; the I'TO-coated
collector was grounded. All samples were tested or modified
at ambient temperature, pressure and humidity. Preliminary
visualization of the nanofibers was done with a Zeiss Axio-
vert 200 mverted microscope (Germany) equipped with a
Roper Scientific MicroMAX System CCD camera (USA).
Detailed 1images of nanofibers were obtained with a JEOL
JISM-6390LV scanming electron microscope (Japan).

PLO nanofibers were spun from an aqueous solution 1f the
polymer concentration was at least 20% w/v. Fibers pro-
duced at 20%, 25% and 30% PLO contained beads, perhaps
due to limited polymer entanglement. At 35% and 40%, the
fibers were long, continuous, essentially bead-free, and
suitable for mat production (see FIG. 8; feedstock was 40%
w/v PLO 1n water). Less promising fibers were obtained at
45%, and none at 50%. PLO concentration and other elec-
trospinning parameters intluenced fiber production. The
applied voltage was 5-20 kV, the nozzle-to-electrically
grounded collector distance was 5-15 cm. The optimal
values for fiber production suggested by the present work
were 9 kV and 10 cm. The electric field was ~10° V/m.

Referring to FIG. 9, the fiber diameter varied approxi-
mately linearly with concentration when the needle gauge
and applied voltage were held constant. The ability to
control fiber diameter can allow for flexibility 1n the design
and fabrication of nanofibers for diflerent applications.

The solubility of PLO fibers was tested. Fibers dissolved
readily 1n aqueous solution at any pH and were sensitive to
high humidity. The PLO fibers were cross-linked from the
vapor of GTA solution. A GTA molecule cross-links peptides
by reacting with two free amino groups on separate side
chains.

PLO nanofibers on an ITO substrate were cross-linked 1n
situ. Samples were inverted and athxed to the top of a 25%
GTA vapor-filled chamber consisting of 3 mL of GTA 1n a
40 mm-diameter uncapped Petr1 dish 1n an 80 mm-diameter
Petri dish. The larger dish was covered, sealed with parafilm,
and maintained for a defined time interval.

The cross-linking procedure resulted in slight shrinkage
and discoloration of the fiber membrane. The extent of
cross-hnkmg was assayed qualitatively by immersion of a
fibrous mat 1 aqueous solution at different pH values for
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different time periods (FIG. 10). FIG. 10A shows an
unmodified control with feedstock of 40% w/v PLO in
water. Figure B shows no cross-linking after one minute of
immersion 1n DI water and one hour of drying. FIG. 10C 1s
after 15 minutes of GTA vapor crosslinking, one hour of
immersion 1n DI water, and one hour of drying. FIG. 10D 1s
alter six hours of GTA vapor cross-linking, 48 hours of
immersion 1 DI water, and one hour of drying. A cross-
linking time of about six hours or more gave mats that were
essentially insoluble; about one hour of cross-linking gave

limited solubility.

Example 7
Poly(L-Lysine)

Poly(L-lysine) was tested and found to not be continu-
ously spinnable when dissolved in water. Poly(L-lysine) 1s
highly soluble 1n water, but >300 kDa poly(lysine) was not
spinnable from water, and 15-350 kDa poly(lysine) 1s spin-
nable at 40% though not continuously; at other concentra-
tions the lower DP poly(lysine) was not spinnable at all (DP
1s degree of polymerization). This supports the conclusion
that 1t 1s surprising that an aqueous solution of poly(L-
ornithine) can be continuously electrospun to produce elec-
trospun nanofibrils. Referring again to FIG. 27, the two side
chains differ by a single methylene group.

Example 8
Poly(Glu)

Poly(Glu) 13-50 kDa and poly(Glu) 50-100 kDa were
found to soluble in water but not spinnable at any concen-
tration.

Example 9
Poly(Glu, Lys)

Poly(Glu, Lys), 4:1, MW>150 kDa was tested and found

to be soluble but poorly spinnable at 1-5% and not spinnable
at higher concentrations.

Example 10
Poly (Glu, Tyr)

Poly(Glu, Tyr), 4:1, 20-50 kDa was tested and found to be
soluble and spinnable at 20-50%.

Example 11
Poly(Glu, Lys, Tyr)

Poly(Glu, Lys, Tyr), 6:3:1, 20-50 kDa was tested and

found to be soluble but not spinnable at any concentration.
It was hypothesized that a smaller proportion of Lys could
make the poly(Glu, Lys, Tyr) spinnable, because the new
composition would be more similar to poly(Glu, Tyr) 4:1.
Poly(Glu, Tyr, Lys) 4:1:1 was tested, and 1t was found that
certain molecular weight species were indeed spinnable,
though fibers formed clumps. The following molecular
welght species were tested: 9,450 kDa, 13,650 kDa, 86,700
kDa, and 176,850 kDa, all average mass values determined
by light scattering. The only one that was spinnable was

176,850 kDa. Note that the poly(Glu, Lys, Tyr) 4:1:1 has
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83% 1onizable side chains and a balance of charge per
residue of (4-1)/6=0.5. Poly(Glu, Tyr, Lys) 3:1:1 1s likely to
be more spinnable than poly(Glu, Tyr, Lys) 4:1:1.

Example 12
V$4DC$2

V*, ,C*, was tested and found to be continuously spin-
nable. V* 1s VPGVG (SEQ ID NO: 1), and C* 1s

VPGVGVPGVGVPGCGVPGVGVPGVG (SEQ ID NO:
2), where V=valine, P=proline, G=glycine, and C=cysteine.
This was surprising because this 20 kDa peptide has a charge
per unit length 1s 0. Thus, it would not normally be expected
to be soluble or continuously spinnable.

E. coli cells transtormed with a plasmid vector contaiming
a gene encoding V*,,C*, were cultured under conditions
tavoring cell proliferation and gene expression. Recombi-
nant peptide was purified by a three-step process. In the first
two, phosphate-buflered saline (PBS) containing 10 mM
dithiothreitol (DT'T), a reducing agent, was used to dissolve
the concentrated V*,,C*,-containing pellet obtained by
centrifugation. Concentrated V*,,C*, gels at 37° C. but 1s
soluble at 4° C.; ELPs undergo entropically-driven contrac-
tion and aggregation above a transition temperature that
depends on the amino acid sequence. In the third step the
peptide was resuspended in deionized water (DI) and dia-
lyzed overmight against DI to remove residual NaCl, PBS,
and DTT. V*,,C*, mass was verified by SDS-PAGE, which
showed a single band between 20 and 25 kDa (data not
displayed); the recombinant peptide was apparently
monodisperse. The mass discrepancy was likely due to the
high percentage of proline in V*,,C*,, which can decrease
the tlexibility of the polymer backbone and the electropho-
retic mobility 1n a dense gel matrix. Purified peptide was
lyophilized for long-term storage. FIG. 20 demonstrates the
spinnability of lyophilized V*,,C*, following reconstitution
in water.

FIG. 20 shows a light microscopy image of V*,,C*,
nanofibers. A Zeiss Axiovert 200M microscope was used,
equipped with a 40x objective. Lyophilized peptide was
reconstituted 1n distilled and deionized water immediately
prior to electrospinning. The final concentration was 50%
(w/v). Trace amounts only of bufler ions and counterions
will have been present in the peptide feedstock; there are
only two 1onizable amino acid residues per molecule. Some
molecules may have become cross-linked by disulfide bond
formation prior to spinning. The potential was 9.5 kV. The
spinneret-collector distance was 10 cm. Fibers were col-
lected on 60 ©/in* indium-tin oxide-coated plastic (Sigma).
The average diameter of the fibers was less than 1 um. Some
fibers appeared brighter than others; some were more 1n the
focal plane of the objective lens than others.

Example 13

Poly(L-Glutamate, Tyrosine)

Poly(L-glutamate, tyrosine) (PLEY) was dissolved 1n
water at various concentrations and electrospun. The appa-
ratus shown in FI1G. 11 was used. Homogenous nanofibers of
pure synthetic polypeptide were electrospun from the aque-
ous solution in the absence of organic solvent and non-
biological synthetic organic polymer. The PLEY concentra-
tion 1n solution was varied from 10% (w/v) to 55% (w/v).
Table 8 shows the results of electrospinning using varied
compositions of PLEY. The nozzle-collector distance was
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varted from 5 cm to 15 cm, and the applied voltage was
varted from 5 kV to 30 kV. The results indicated that
apparent optimal values are 50% (w/v) PLEY concentration,
10 cm nozzle collector distance, and 12 kV applied voltage.

TABLE 8

Composition of PLEY nanofibers

% PLEY (W/V) Result
10 No fibers
15 No fibers
20 Few beaded fibers
25 Beaded fibers
30 Fiber
35 Fiber
40 Fiber mate
45 Fiber mate
50 Fiber mate
55 Discontinuous fibers

FIG. 12 shows SEM 1mages of electrospun mats of fibrous
polypeptides made from 50% w/v PLEY 1n water. (A) 140x
magnification; the scale bar 1s 100 um; the voltage applied
was 19 kV. (B) 900x magnification; the scale bar 1s 20 um;
the voltage applied was 15 kV. (C) 1600x magnification; the
scale bar 1s 10 um; the voltage applied was 19 kV.

FIG. 13 shows 1mages of electrospun mats of fibrous
polypeptides made from a PLEY aqueous solution (A) with
no further treatment, (B) following addition of a few drops
of deionized water (DI) for about one minute and drying for
about one hour (the fiber web has dissolved), and (C)
following cross-linking in EDC-ethanol solution for about
four hours, immersion in DI for about two days, and drying
for about three hours.

FIG. 24 shows physical characterization of electrospun
fibers made from a 350% (w/v) aqueous PLEY solution.
Fibers were visualized by fluorescence microscopy at 10x
magnification. Fluorescein 1sothiocyanate-poly(L-lysine)
(FITC-PLL) was deposited by layer-by-layer assembly. (A)
2 mg/mL FITC-PLL adsorbed for about one hour on fibers
collected on 60 W/ft> indium-tin-oxide (ITO) and rinsed
extensively with water, (B) 2 mg/mL FITC-PLL adsorbed
for about one hour on fibers on ITO and rinsed extensively
with water, (C) 5 mg/mL FITC adsorbed for about one hour
on ITO and rinsed extensively with water, (D) fibers on I'TO
rinsed extensively with water.

FIG. 14 shows an SEM 1mage of an electrospun mat of
fibrous polypeptides using a PLEY 4:1 aqueous solution.
The magnification 1s 850x, the scale bar 1s 20 um, and the
applied voltage was 30 kV. FI1G. 15 shows an SEM 1mage of
an electrospun mat of fibrous polypeptides using a PLEY 4:1
aqueous solution. The magnification 1s 1700x, the scale bar
1s 10 um, and the applied voltage was 25 kV.

FIG. 16 shows protease digestion for electrospun mats of
polypeptide fibers prepared from a feedstock of a PLEY 4:1

aqueous solution. (A)-(D) The protease 1s Glu-c protease

(cat #90034 Thermo Scientific USA), incubation of about
five hours at about 37° C., pH of about 8, with a 50 Mm
ammonium bicarbonate bufler; the electrospun mat was
made from a feed stock of PLEY 4:1. (E)-(H) The protease
1s protease XIV (cat # p5147, Sigma, Mo., USA), incubation
of about five hours at about 37° C., pH of about 7.4, with a
10 Mm phosphate builer saline (PBS) bufler; the electrospun
mat was made from a feed stock of PLEY 4:1. Magnifica-

tion, scale bar, applied voltage, and percentage (w/v) of
protease: (A) 330x, 50 um scale bar, 30 kV, 0% protease; (B)

160x, 100 um scale bar, 30 kV, 0.002% protease; (C) 180x,
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100 um scale bar, 30 kV, 0.02% protease; (D) 180x, 100 um
scale bar, 30 kV, 0.2% protease; (E) 200x, 100 um scale bar,
25 kV, 0% protease; (F) 180x, 100 um scale bar, 30 kV,
0.002% protease; (G) 160x, 100 um scale bar, 30 kV, 0.02%
protease; (H) 180x, 100 um scale bar, 30 kV, 0.2% protease.

FIG. 17 shows a cross-linking scheme for a PLEY 4:1
fiber. Water-soluble PLEY nanofibers were made insoluble
by cross-linking with EDC 1n ethanol (see also FIG. 13C).
EDC reacts with a carboxyl group 1n a glutamic acid side
chain 1n the second peptide on the left, forming an amine-
reactive O-acylisoureca intermediate (not shown). If the
intermediate reacts with the amino-terminal amino group on
the first peptide on the left, the two peptides become joined
by an amide bond, as shown on the right. EDC could join a
side chain to the amino-terminus of the same peptide. The
results of the cross-linking of PLEY in EDC-ethanol at
various cross-linking and dissolution times are shown in
Table 9. Cross-linking significantly altered the mechanical
properties and stability of the nanofibers. FIG. 25 shows 1n
situ FTIR spectra of an as-cast film and electrospun fibers of
PLEY on ITO-PET before and aifter cross-linking. The

spectra were obtained 1n ATR mode.

TABLE 9

Cross-linking and dissolvability of PLEY in EDC-ethanol.

Cross-linking time (h) Dissolution time (h) Result

0.25 0.25 Total dissolution
0.5 0.5 Partial dissolution
1.0 1.0 Partial dissolution
6.0 12, 24, 48 No dissolution

12 12, 24, 48 No dissolution

24 12, 24, 48 No dissolution

. a

FIG. 19 shows cell cultures of an electrospun mat of
fibrous polypeptides made from a PLEY 4:1 aqueous solu-
tion. (A) 1s on TCPS, (B) 1s on I'TO, and (C) 1s EDC-cross-
linked electrospun 55% PLEY on ITO-PET. FIG. 22 shows
an SEM 1mage of an electrospun mat of aligned fibrous
polypeptides made from a 55% (w/v) PLEY aqueous solu-
tion. The magnification 1s 900x, the scale bar 1s 20 um, and
the voltage was 19 kV.

Example 14

PLEY

Lyophilized PLEY 4:1 was dissolved 1n deionized water
(DI) at a concentration of 55% (w/v). The solution was then
deposited directly onto indium-tin-oxide-coated plastic and
allowed to air dry (black spectrum 1n FIG. 18) or electrospun
onto indium-tin-oxide-coated plastic (red spectrum i FIG.
18). The fibers were subsequently cross-linked with EDC, a
common coupling reagent that 1s reactive towards carboxy-
late groups (blue spectrum 1n FIG. 18). All samples were
analyzed 1n situ with a Jasco FI1/IR-4100LE instrument and
a Harrick Horizon ATR accessory outfitted with a ZnSe
crystal. 256 data sets were collected at a bandwidth of 4
cm™' and averaged in each case.

FIG. 18 shows absorbance vs. wavenumber (cm ™) for the
cast from solution (black spectrum), the fiber (red spectrum),
and the EDC-fiber (blue spectrum). PLEY was apparently
mostly disordered in the fibers prior to cross-linking. The
cross-linking process apparently induced the peptides to
become more ordered 1n the fibers. Peaks 1-35, which rep-
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resent diflerent chemical groups, are useful for comparison.
Peak 1, for instance, corresponds to the symmetric stretch of

COO™.

Example 15

3T3 Cells

FIG. 21 shows reproducibility and layer dependence of
NIH 3713 cell proliferation on non-functionalized synthetic
biomatrix. The synthetic biomatrix was prepared from poly-
peptides by layer-by-layer assembly. Cell count was deter-
mined by a fluorescence-based assay 72 hour post seeding in
96-well plates at 10,000 cells per well. Data are shown for
0-12 layers of peptide. Blue (red) bars, odd (even) number
of layers. PLL=poly(L-lysine), PLGA=poly(L-glutamate),
MW=molecular weight. MMW-MMW="medium” MW
PLL/“medium” MW PLGA. MMW-LMW="medium” MW
PLL/*large” MW PLGA. MMW PLL=15-30 kDa. MMW
PLGA=15-50 kDa. LMW PLGA=50-100 kDa. Averages of
24 independent trials and standard errors are shown. One
asterisk indicates significance at p<0.035 relative to O-layer
control; two asterisks, p<t0.01. This example does not dem-
onstrate electrospun nanofibers.

Example 16

PLO and PLEY

FIG. 23 shows fiber diameter as a function of polymer
teedstock concentration for PLO and PLEY (diamonds—
PLEY, squares—PLO). Applied voltage and spinneret-col-
lector distance were held constant. The values were 10 cm
and 12 kV for PLEY and 10 ¢cm and 10 kV for PLO. Each
data point represents the average of 20 independent mea-
surements. The error bars represent standard deviations.

Example 17

Cross-Linked PLEY Fibers

FIG. 17 shows a cross-linking scheme for a 4:1 PLEY
fiber. FIG. 24 shows fluorescence micrographs of cross-
linked PLEY fibers on ITO-PET (indium tin oxide-polyeth-
ylene teryphthalate) electrospun at 50% (w/v). The applied
voltage was 10 kV, the spinneret-collector distance 9 cm.
FITC-PLL was deposited by layer-by-layer assembly. A)
Sample incubated with 2 mg/ml. FITC-PLL for 1 h and
rinsed with deionized water. B) Sample incubated with 3
mg/mlL FITC for 1 h and rinsed with deionized water. C)
Sample mcubated with 5 mg/mL FITC for 1 h and rninsed
with deionized water. D) Sample rinsed with deionized
water. All micrographs were obtained with a 10x objective
lens. The scale bar 1s 20 um in each case.

Example 18

NCAs

FIG. 28 shows a scheme of synthesis for c-amino acid
N-carboxyanhydrides (NCAs). Tyrosine, glutamic acid and
lysine are shown as examples. FIG. 29 shows a scheme of
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synthesis for random copolymerization of NCAs. A tyrosine-
lysine-glutamic acid tripeptide 1s shown as an example.

Example 19
Fibroblasts

Fibroblasts were cultured on electrospun polypeptide
fibers 1n vitro. FIG. 30 shows a fluorescence micrograph of
fibroblasts 1n vitro. F-actin was stained with rhodamine-

phalloidin, nuclear DNA with DAPI, and poly(Glu, Tyr)
fibers with FITC-poly(L-lysine) after EDC cross-linking.

Example 20

PLEY

PLEY 4:1 [or poly(L-Glu,-co-L-Tyr,); E=Glu, Y=T1yr 1n
single-letter code], 20-50 kDa by viscometry, was obtained
from Sigma-Aldrich (USA). Indium tin oxide-coated poly-
ethylene terephthalate, 60 Q/in® surface resistivity (ITO-
PET), was obtained from Sigma-Aldrich. This substrate
material 1s particular useful for use as a fiber collector
because it 1s both conductive and semi-transparent in the
visible range. 1 mL plastic syringes were obtained from
Fisher (USA). Blunt-tip metal needles of inner diameter 0.6
mm were obtained from Jensen Global (USA). A
PS/FX20P15-11 Glassman High-Voltage Inc. (USA) power
supply was used to create jets of polymer feedstock.

Lyophilized PLEY was dissolved in deionized water (DI)
at 60% (w/v), a concentration close to the solubility limiut,
and serially diluted with water. Fibers were spun from the
polymer feedstock 1n a syringe; a blunt-tip needle served as
the spinneret. The feedstock flow rate was otherwise deter-
mined by solution viscosity and gravity. A copper wire
connected the cathode of the voltage source to the needle tip.
The collector was connected to the same ground as the anode
of the power supply. The applied voltage and the spinneret-
to-collector distance were varied from 7 to 20 kV and 3 to
15 cm, respectively. All fiber production was done at ambi-
ent temperature, pressure, and humidity. Fibers were pro-
duced when conditions supported the formation of a Taylor
cone and a jet of polymer solution. The solvent 1n the jet
evaporated as 1t sped towards the collector, leaving mostly
dehydrated fibers. Further dehydration was achieved by the
gentle flow of air across the fibers. Onented fibers were
produced by connecting the power supply ground to a
parallel plate collector, assembled from two 5 cm-long
copper electrodes separated by a distance of 2 cm. All other
conditions were the same as for fibers spun onto a planar
collector.

Preliminary visualization of fibers on planar collectors
was done with a Zeiss Axiovert 200M 1nverted microscope
(Germany). The instrument was equipped with an imncandes-
cent source, a mercury vapor source, a lilter set and a Roper
Scientific MicroMAX System CCD camera (USA). Higher
resolution 1images were obtained with a JEOL JSM-6390LV
scanning electron microscope (SEM, Japan). The accelerat-
ing potential was 135-30 kV. Samples were metalized with a
10-nm layer of gold. Fiber diameter was determined by
analysis of SEM data.

PLEY fibers were chemically cross-linked by submersing
samples on 4 cmx4 cm I'TO-PET substrates in 20 mL of 50
mM  1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide
(EDC) (Thermo Scientific, USA) 1n 90% ethanol/10% DI at
ambient temperature. This water-soluble reagent, which 1s
common 1n biochemistry and indeed in protein electrospin-
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ning, activates carboxyl groups for spontaneous reaction
with primary amines. There are 1n every PLEY molecule one
carboxyl group per glutamic acid side chain, one carboxylic
acid group at the carboxyl terminus of the polymer chain,
and one amino group at the amino terminus. The duration of
the cross-linking reaction was 1n a range of from O hours to
6 hours. Cross-linked samples were rinsed extensively with
DI prior to further analysis or cell culture.

Cross-linked fibers were visualized by SEM as described

above or tluorescence microscopy following adsorption of
dye-conjugated peptides. Fiber samples on 2 cmx2 cm
ITO-PET were fully immersed for about 1 hour in 2 mg/mlL.
fluorescein 1sothiocyanate (FITC)—PLL (Sigma) in DI or 5
mg/mlL. FITC (Sigma) in DI and then rinsed with DI.

Samples and controls were then analyzed with a fluores-
cence microscope equipped with a fluorescein filter set.
PLEY structure was analyzed by circular dichroism spec-

troscopy (CD) and Fourier-transform infrared spectroscopy
(FTIR). An Aviv 215 CD mstrument (Aviv Biomedical, Inc.,
USA) was used to obtain far-UV dichroic spectra of PLEY

dissolved 1 deionized water. 15 scans were averaged for
measurement in the 180-260 nm range at a rate of 1 nm s™*,
a step size of 1 nm, a path length 01 0.1 cm, and a bandwidth
of 1 nm. Minor data averaging was done to obtain the final
spectrum. A Jasco F'1/IR 4100 spectrometer (Japan) outfitted
with a Horizon™ multiple-reflection attenuated total reflec-
tion (ATR) accessory with a ZnSe crystal (Harrick Scientific
Products, Inc., USA) was used to analyze PLEY films and
fibers. ZnSe transparency 1s approximately independent of
wavelength in the range 1200-4000 cm™'. Samples were
analyzed 1n situ as polymer deposited directly from solution
or as fiber mats on I'TO-PET, before and aifter cross-linking.

All spectra were acquired as 256 scan averages at a resolu-

tion of 4 cm™*.

Enzymatic degradation of cross-linked fiber mats was
tested with two protease species. Lyophilized Glu-C endo-
proteinase (Thermo Scientific) was reconstituted at a con-
centration of 0.2% (w/v) 1n 50 mM ammonium bicarbonate,
pH 8.0, and successive 10-fold dilutions were prepared with
the same bufler. Lyophilized protease XIV (Sigma) was
reconstituted at 2% (w/v) 1 phosphate-builer saline (PBS),
and successive 10-fold dilutions were prepared with the
same bufler. I'TO-PET substrates covered with cross-linked
fiber mats were divided 1nto 6 equal areas, 2 cmx2 ¢cm each.
20 uL of enzyme solution or buller was then deposited on the
corresponding sector of fiber mat and incubated at 37° C. for
a time 1n a range of from O hours to 5 hours. The resulting
samples were rinsed with DI, dried and analyzed by SEM as
described above. Cytocompatibility of cross-linked PLEY
fibers has been tested with normal human dermal fibroblasts
(NHDFs). These cells, which have a normal phenotype, play
an 1mportant role 1n wound healing 1 vivo. Such consider-
ations are relevant to possible biomedical applications of
clectrospun biomaterials. Cells were maintained at a sub-
confluent density in Fibroblast Basal Medium with Fibro-
blast Growth Medium-2 (Lonza, USA) and passaged every
72-96 hours. I'TO and electrospun fiber mats on ITO-PET
were rinsed 1n ethanol and then PBS prior to cell seeding.
Cells cultured on tissue-culture polystyrene were rinsed 1n
Hanks’ balanced salt solution, released from the substrate by
treatment with 0.25% trypsin 1n 2.21 mM EDTA (Mediat-
ech, USA), centrifuged and re-suspended in culture medium.
Approximately 10,000 cells 1n 200 ulL were seeded onto
ITO-PET or fiber-coated ITO-PET and then incubated at 37°
C. and 5% CO,. The culture medium was changed every
about 48 hours.
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PLEY was not spinnable at concentrations below 20%
(w/v). Fibers produced in the 20-35% concentration range
contained beads; the fibers were not smooth and continuous.
At 50-60%, fibers were continuous, long and suitable for
mat production. Less attractive fibers were obtained with
40-45% PLEY. The spinneret-collector distance and the
applied voltage were tested at 3 or more values 1n the 5-15
cm and 7-20 kV range for each polymer concentration; the

electric field was ~10° Vm™'. The most attractive fibers were
obtained at 50-55% PLEY, 12 kV and 10 cm.

FIGS. 14, 15, and 22 present typical SEM 1mages of fibers
clectrospun at 55% PLEY. FIGS. 14 and 15 show non-

woven fiber mats on a planar ITO collector at diflerent
magnifications. FIG. 22 presents aligned fibers obtained
with the parallel-plate collector described above. In both
cases, the fibers are smooth and bead-free. The average fiber
diameter, determined by analysis of SEM 1mages, was 670
nm-9.10 um, depending on polymer concentration (FIG. 23).
In general, the variance in fiber diameter increased as the
mean value increased. At 55%, the average diameter was
7] um.

PLEY fiber solubility has been tested at different pH
values, above and below the pK _ of glutamic acid. This
amino acid accounts for 4 1n 5 of all residues of PLEY. Side
chain 1onization was considered relevant because 1t strongly
influences polymer solubility. In the absence of cross-link-
ing, fibers were sensitive to water throughout the tested
range, pH 2 (below the pK  of Glu) to pH 12 (above the pK |
of Tyr), and at high humadity (similar to FIG. 13). Cross-
linking was achieved by immersing fiber samples in EDC 1n
cthanol/water at room temperature for defined periods of
time. Resistance of fiber mats to dissolution 1n water was
determined after cross-linking. About six hours of cross-
linking was suilicient for essentially complete fiber mat
insolubility. The results of the cross-linking and solubility
tests are summarized in Table 10.

TABL.

10

(Ll

Cross-linking and Solubility Results

Cross-linking time (h) Dissolution time (h) Result
0.25 0.25 ~100%
0.5 0.5 <75% dissolution
1.0 1.0 <25% dissolution
6.0 12, 24, 48 <5% dissolution

Table 2. Result of fiber mat crosslinkmmg and solubility tests. The duration of fiber mat
exposure to crosslinking reagent and to water are given.

PLL-FITC has been used to visualize fiber mats by
fluorescence microscopy. PLL-FITC (FIG. 24 A) but almost
no free FITC (FI1G. 24B) became bound to PLEY molecules
in fiber mats during incubation and remained bound follow-
ing extensive rinsing with deionmized water. The binding
process resulted in essentially no change i fiber diameter.
Any FITC that became bound to ITO-PET did so at an
approximately uniform surface density (FIG. 24C). Fibers
on I'TO could not be visualized by fluorescence microscopy
in the absence of a dye (FIG. 24D).

CD has been used to gain information on PLEY structure
in solution. The preferred backbone conformation 1n aque-
ous solution was a random coil. FTIR-ATR has been used to
demonstrate fiber crosslinking and assess PLEY structure 1n
fibers before and after cross-linking. Referring to FIG. 25,
the spectra of the polymer cast from solution and in fibers
betore crosslinking showed only relatively minor differ-
ences with regard to shape of the absorption envelope.
Cross-linking and rinsing led to a sharp decrease in line
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broadening, especially in the amide I region (1600-1700
cm™'). The amount of water bound was nominally the same
for all spectra.

The susceptibility of PLEY fibers to proteolysis has been
tested. Fibers were incubated with reconstituted Glu-C pro-
tease or protease X1V for defined time periods. Degradation
was evident 1n all fiber mats exposed to protease. Referring
to FIG. 31, fragmentation of individual fibers increased with

time. Fibers were almost completely degraded within five
hours by 0.2% (w/v) Glu-C or 2% (w/v) protease XIV.

20-25% of the fibers remained 1 0.02% Glu-C and 0.2%
protease XIV after the same amount of time; 40-45% of the
fibers remained 1 0.002% Glu-C and 0.02% protease XIV.

Biocompatibility testing of PLEY {fibers was performed.
NHDF cells were seeded onto crosslinked fibers or onto
control surfaces for introductory assessment of adhesion,
morphology and toxicity. Referring to FIG. 26, cells became
well spread within about 24 hours and grew to confluence
within about 72 hours on tissue culture polystyrene, I'TO-
PET, and cross-linked PLEY fiber-coated ITO-PET. FIG. 26
shows light micrographs of normal human dermal fibro-
blasts (NHDFs) culture 1n vitro. The substrate was (A) tissue
culture polystyrene, (B) ITO-PET, or (C) EDC-cross-linked
clectrospun 55% PLEY on ITO-PET. A 10x objective was
used. White arrows highlight specific fibers, shaded arrows
specific cells. The scale bar 1s 100 um 1n each case. Ran-
domly-oriented fibers were spaced on the order of microns
to tens of microns. Fiber diameter varied from hundreds of
nanometers (darker fibers) to microns (bright fiber). Cells
displayed apparently normal adhesion and morphology on
fiber-coated I'TO by light microscopy.

Example 21
Synthesis of a-Amino Acid NCAs

In a dry two-neck round-bottom flask outfitted with a
reflux condenser and a nitrogen 1inlet, side-chain protected
c-amino acid 1n dry tetrahydrofuran (THF) can be added
under a nitrogen atmosphere. The suspension can be heated
to 70° C. for 10 min. Triphosgene (0.33 equivalents) can be
dissolved 1n dry. THF can then be added drop-wise to the
suspension for about 30 min at 70° C. The reaction mixture
can then be stirred at 70° C. until a clear solution 1s obtained.
This material can be allowed to cool to ambient temperature
and transierred to a flask to which hexane 1s added until the
solution turns turbid. This mixture can then be maintained at
—-20° C. for recrystallization overnight. White crystals col-
lected by filtration and vacuum drying can then be charac-
terized.

Example 22
Synthesis of Random Copolymers

The mnitiator diethylamine can be added to a mixture of
amino acid monomers, €.g. benzyloxy-L-glutamate-NCA,
benzyloxy-L-tyrosine-NCA and N®-CBz-lysine-NCA, under
a nitrogen atmosphere in a flame-dried Schlenk tube. The
mixture can be stirred at 60° C. under nitrogen for about 48
hours. Methanol can be added to precipitate the polymers,
which can then be washed with methanol and vacuum dried
to yield white solids. For Sub-project A peptides (see Table
6), random peptide synthesis can be carried out by NCA
polymerization mitiated by hydroxide, and oligopeptides
prepared by solid-phase synthesis can be coupled to the
random peptides 1n the solution-phase by carbodiimide
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coupling. The AB to A, B, coupling in the solution phase can
promote random 1incorporation of distinct sequences 1n an
otherwise random polypeptide chain.

Deprotection of copolymer side chains—Polypeptides
can be dissolved 1n a mixture of dry THF and methanol
(9:1), and Pd/C powder can be added to 10% (w/v). The
reaction mixture can then be hydrogenated at 50° C. for
about 36 hours. The reaction mixture can then be filtered,
and the filtrate can be evaporated and vacuum dried, yielding
deprotected random copolymers.

Materials characterization—Amino acids and polypep-
tides can be characterized with a Reflex II matrix-assisted
laser desorption-ionization mass spectrometer (Bruker Dal-
tonics), and 'H- and natural abundance '°C-spectra can be

obtained with a DPX 250 MHz (Bruker) or an Inova 400
MHz or 500 MHz (Varnian) NMR spectrometer. Peptide
solubility can be assessed as turbidity versus peptide mola-
lity. A size-exclusion chromatograph (Shimadzu), equipped
with a refractive index detector and a Waters Styragel® HR
4E column, and a Malvern Zetasizer Nano S can be used to
determine the molecular weight of synthesis products, based
on comparisons with mass and size standards.

Example 23

Testing, Cross-Linking, and Characterization

For fibers produced from soluble peptides from Example
22, peptide concentration can be tested in the range of
5-50% (w/v), and the electric field strength, 10*-10° V/m, in
10 increments for each. Fibers can be collected continuously
at ambient temperature for 30 min on 60 Q/in® indium tin
oxide-coated polyester (ITO-PET; Sigma-Aldrich), a mate-
rial that 1s advantageous because it 1s transparent, conduc-
tive, suitable for in vitro cell culture and mmexpensive.

Fiber cross-linking—Fibers made of cysteine-containing,
peptides (Table 6, Sub-project B) can be cross-linked as
tollows. The corresponding peptides can be dissolved 1n
nitrogen gas-saturated builer to inhibit disulfide formation.
Exposure of fibers to the oxidizing potential of air during
and after spinning will promote disulfide bond formation.
Fibers of the peptides in Sub-projects A and C of Table 6 can
be treated with glutaraldehyde vapor as in Khadka and
Havynie (2010) (which 1s hereby incorporated by reference 1n
its entirety) or EDC (carbodiimide) mn 90% ethanol/10%
water, cross-linking respectively amino groups or carboxy-
late groups. Fiber mat solubility can be assessed as the time
dependence of percentage change in dry mass.

Fiber characterization—Fiber diameter and mat morphol-
ogy can be characterized by scanning electron microscopy
after sputter coating a 10 nm layer of gold. It 1s anticipated
that fiber diameter will be 1n the 0.1-2 um range, depending
on peptide degree of polymerization, concentration, and
other variables, as 1n Khadka and Haynie (2010). Fiber mats
can also be analyzed by IR spectroscopy 1n attenuated total
reflectance mode on a ZnSe crystal over the range 4000-
1000 cm™" in the laboratory of the PI, to gain information on
secondary structures adopted by peptides in fibers.

Alternative approaches—If a candidate peptide that is
soluble should prove diflicult to electrospin, 1ts structure can
be altered. All Sub-project A and Sub-project C peptide
designs from Table 6 that prove spinnable can be reformu-
lated to include cysteine as in Sub-project B of Table 6 in an
attempt to produce fibers that can be cross-linked by disul-
fide bonding. For instance, Orn:Gly:Pro::2:1:1 can go to
Om:Gly:Pro:Cys::12:6:6:1. This activity cam 1llustrate a
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way 1n which control over amino acid composition enables
“tunability” of fiber mat properties.

Example 24
Testing

Fibers mats can be tested in vitro for susceptibility to
proteolysis and suitability for mammalian cell culture, and
in vivo. All spinnable peptides from Example 23 can be
tested 1n vitro and/or 1n vitro.

Proteolysis—Trypsin (Sigma) can be prepared as a 1%
(w/v) aqueous stock solution, serially diluted and deposited
onto different fiber mat samples on ITO-PET at 37° C. for at
least 5 min. The negative control can be butiler 1n the absence
of trypsin. At defined time points, the fiber mats can be
rinsed thoroughly with water and dried, and the time depen-
dence of percentage change in dry mass will be calculated.

Cell culture—Keratinocytes (Lonza) and primary human
umbilical vein endothelial cells (HUVECs) can be cultured
on fiber mat samples on I'TO-PET, and on bare I'TO-PET and
bare tissue culture poly(styrene). HUVECs (Lonza), for
example, can be cultured in EGM® endothelial serum-iree
growth medium (Lonza) supplemented with EGM-Bullet-
Kit® [Lonza; bovine brain extract with heparin, hEGF,
hydrocortisone, GA-1000 (gentamicin, amphotericin B) and
2% fetal bovine serum]. The culture medium can be changed
every 2 days until cells are confluent. The cells cannot have
been passaged more than S times before seeding onto fiber
mats or control surfaces, nor will they have been exposed to
vascular endothelial growth factor (VEGF).

Cell adhesion, morphology, and proliferation i vitro.
—For short-term cell adhesion experiments, cells can be
incubated for about 2 hours at 37° C. and 5% CO,. Cell
adhesion can then be quantified with the Vybrant™ cell
adhesion assay kit (Molecular Probes™ Invitrogen). For
HUVECs, 1x10° cells can be allowed to attach to hole-
punch-sized, nanofiber-coated substrate s for 24 h, fixed in
4% (w/v) paratormaldehyde 1n PBS, and permeabilized with
0.1% (v/v) Tniton X-100 in PBS. F-actin, cell-substrate
contacts and cell-cell contacts can be stamned with rhod-
amine phalloidin (Molecular Probes™), FITC-labeled anti-
vinculin (Sigma-Aldrich), and anti-human VE-cadherin/
CD144-PE (R&D Systems), respectively. Nonspecific
background staiming can be reduced by treating samples
with 1% (w/v) BSA 1n PBS prior to staining. DAPI (Molecu-
lar Probes™) can be the fluorescence counterstain. Cell
samples can be analyzed with the Leica DM2000 fluores-
cence microscope 1n the Florida Center of Excellence for
Biomolecular Identification of Targeted Therapeutics (see
also FIG. 30). The instrument 1s equipped with an external
light source, a digital camera, and a 100x oil-immersion
objective. In cell proliferation experiments, the number of
adhered cells can be measured with the CyQuant® NF cell
proliferation assay kit (Molecular Probes™; C35006) after
1, 3, or 7 days of culture. Fluorescence intensity can be
measured at ambient temperature with a Wallac 1420 VIC-
TOR2 fluorescence microplate reader (PerkinElmer Inc.,
USA) with excitation at 485 nm and emission detection at
530 nm. Fach set of conditions can be analyzed 1n at least
two 1ndependent experiments, seven replicates per experi-
ment. For HUVECs, eflects of VEGF, .. (R&D Systems) on
cell adhesion and proliferation on fiber mats can be deter-
mined as follows. Cells can be suspended in 10 ng/mL
VEGF, (.-containing culture medium and then seeded on
fiber mats, I'TO-PET, or tissue culture poly(styrene). For
long-term cell proliferation experiments, the VEGF, ..-con-
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taining culture medium can be changed every 2 days.
Results can be compared with VEGF-untreated but other-
wise 1dentical cell samples. Cell data sets can be compared
by Student’s t-test. p values <0.05 will be considered
statistically significant.

In vivo open wound healing test—For each candidate
peptide structure tested 1n vivo, the healing of wounds on 12
Sprague-Dawley rats, 6 males and 6 females, weighing
240+£10 g each, can be studied. Anesthetization can be
ellected by intramuscular 1injection of ketamine (50 mg/kg)
and xylazine (10 mg/kg) or an alternative, IACUC-approved
formulation. Two full-thickness rectangular wounds of 1
cmx1 cm can be prepared on the back of each anesthetized
rat, parallel with the spine. An electrospun nanofiber mat of
the same size can be applied to one of the wounds, and
cotton gauze of the same size to the other. On post-operative
day 7 or 10, macroscopic photographic documentation of the
wounds can be obtained, and the wound area can be mea-
sured with a slide caliper. On post-operative day 7 or 28, the
wounds can be removed aiter euthanizing the rats by intra-
muscular injection of ketamine and xylazine and intravenous
injection of KCI1 (3 ml/kg) for histological assessment of
epithelialization and granulation or an alternative, IACUC-
approved procedure.

Viscosity can be measured over a range of shear rates with
a rheometer, such as a DV III (Brookfield, USA) using a rate
or 300 s™'. Different methods can be used to measure the
surface tension of protein and peptide electrospinning feed-
stock solutions. In the pendant drop method, for example,
contact angle 1s measured with a surface tension analyzer
(Pheonix 300, SEQ, Korea). A droplet of solution 1s
observed until its shape reaches equilibrium. Surface tension
is then calculated as y=gApd_*/H, where g is gravitational
acceleration, Ap 1s difference 1n density between air and
solution, d_ 1s the equatorial diameter of the droplet, and H
1s a shape factor. Another approach 1s the Wilhelmy plate
method, using, e.g., a Kriiss Tensiometer K12. A platinum
plate can be immersed 1n solution and removed at a constant
speed. The force needed to remove the plate from solution
can be measured for 1 min. This force 1s then converted to
surface tension.

Conductivity—This measure of the ability of a solution to
conduct electricity can be measured in different ways, such
as using a conductivity tflow cell or a conductivity meter
(e.g., Accumet XI1.-20, Fisher Scientific, DDS-307A Shang-
hai Rex Instruments) conductivity meter).

Turbidity—This measure of solution cloudiness, or the
ability of particles 1 solution to scatter light, 1s sometimes
used to characterize polymer solubility. For ELPs, turbidity
measurements can be made with a spectrophotometer
equipped with a programmable Peltier cell and temperature
control. Inverse temperature transitions, which represent the
lowest critical solution temperatures of the polymer moni-
tored 1n water, were measured at 280 nm 1n the range 0.5-0.7
mg/mlL..

Polymer structure in solution—Methods used include
circular dichroism (CD) spectroscopy, Fourier-transiorm
inirared spectroscopy, and nuclear magnetic resonance spec-
troscopy. In the far UV, where electronic transitions are
detected, CD can be used to obtain information on the
average conformation on the polypeptide backbone. FTIR 1s
used to obtain information on vibrational transitions. X-ray
photoelectron spectroscopy can be used to quantily the
clemental composition of a material. Optical polarizing
microscopy can be used to visualize the morphology and
detect the bireiringence of fibers. Birefringence 1s due to a
preferred orientation of molecules.
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The extent of preferential ordering of molecules 1n fibers

can also be measured by infrared dichroism. D=A .. ./
A

perpendicular 10€ Orientation tunction =[(Dy+2)/(Dy—-1)]
[(D-1)/(D+2)], where D,=2 cot*0=dichroic ratio for perfect
alignment and 0 1s the angle between the transition moment
vector for wvibration and the local chain axis. 1=
[3<cos® P"71]/2. =1 is perfect uniaxial alignment of mol-
ecules 1n direction of fiber. I=0=absence of preferred oren-
tation. I=-% 1s alignment in plane transverse to fiber direc-
tion. The method assumes that a uniaxial model 1s suflicient
to represent state of orientation 1n fibers.

FTIR—Transmittance, 128 scans, 4 cm™'. FTIR can be
used to collect spectra of silk fibroin in 1800-1400 cm™
range over 0-120 min of exposure to water following
dessication. Structural changes on exposure to alcohol were
measured as area ratios of silk II and silk I 1n amide I region
(random coil to 13 sheet transition).

ATR-FTIR. 4 cm™ resolution, 32 scans, Savitzky-Golay

filtering, user-defined baseline correction, deconvolution
into Gaussian peaks. Crystallinity index of silk fibroin can
be calculated as absorbance ratio between amide 111 peaks at
1265 and 1235 cm™'. Mat can be collected on an aluminum

mirror and analyzed in reflectance mode, 64 scans, 4 cm™",

4000-650 cm ™.

Raman spectroscopy provides information on bond vibra-
tions. Raman spectra of fibers can be obtamned with, e.g., a
Raman microscope, using 623.8 nm red line of He—Ne
laser focused on sample. All secondary structures have
characteristic bands. The approach 1s complementary to
FTIR.

Wide angle X-ray diffraction can be used to determine the
crystalline structure of polymers. The Bragg peaks are
analyzed. Scattering of the Bragg peaks to wide angles
implies that they are caused by sub-nanometer sized struc-
tures. Diflraction peaks can be assigned to lattice planes of
crystalline material. It may be possible to shift proportions
of peaks, depending on structure of material 1n fibers.

Differential scanning calorimetry can be used to analyze
thermal properties of a sample. The mass of the sample 1s
assumed constant.

Polymer structure can be determined by solid-state '°C
NMR, as chemical shifts of carbon atoms are strongly
related to secondary structure of beta-sheet conformation.
Chemical shifts of Gly, Ser and Ala are indicative of beta
sheet.

Contact angle formed between a droplet of liquid and a
substrate can be measured to compare the hydrophilicity of
different substrates.

Fiber Mat Dissolubility—Scaflold can be immersed in
37° C. DI water, 1:100 mass ratio for 1 h. Water dissolved
rate (%)=(W,—-W)x100/W ,, where W, 1s the mass of scai-
fold betfore dissolving and W 1s mass after dissolving.

Fiber Mat Water Content and Uptake—Thermogravimet-
ric analysis measures the change in mass of a sample on
changing the temperature. The mat can be weighed before
and after heating at 85° C. for >3 days until no further
change 1n mass 1s detected. Water absorption can then be
obtained by weighing a mat before and after annealing at
high relative humadity.

Fiber Mat Morphology—SEM or AFM can be used.

Fiber Mat Thickness can be measured with, e.g., a digital
micrometer or a scanning interferometer.

Fiber Diameter can be determined by analysis of SEM
data. Higher DP polymers can give thinner fibers at lower
concentrations. There 1s better chain entanglement with
longer polymers. Moreover, higher DP polymers give a
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narrower range ol diameters. Fiber cross-section can be
imaged by SEM after drying.

For Pore Area, Density and Porosity, many approaches
make use of SEM data, Mercury mtrusion method, Solid-
state NMR, and/or diffusion measurement.

Fiber Alignment measurements can be done by FFT,
which converts from real space to frequency space, distri-
bution of grayscale values reflects degree of fiber alignment
in original 1mage. Randomly-oriented fibers give a sym-
metrical, circular pixel distribution after FFT, because the
frequency of specific values of pixel intensity i image will
be the same 1n any direction.

Fiber Mat Mechanical Characterization—the American
Standards for Testing Methods ASTM D882-97 concerns
tensile properties of thin plastic sheeting. HAAKE CABER
1 rheometer (Thermo Elecron Corp., USA) used for exten-
sional rheological measurements, Hencky strain and appar-
ent extensional viscosity calculated from variation 1 mid-
point filament diameter with time. Stress 1s a measure of the
average force per unit area of a surtace within a body on
which internal forces act. Strain 1s a normalized measure of
the displacement between particles 1n the body relative to a
reference length. For example, tensile strain 1s a measure of
crosshead displacement (in units of length) divided by the
original length, or gauge length. The stress-strain curve of a
material 1s obtained from load-deformation data. Young’s
modulus 1s the tangent modulus of the mitial, linear portion
ol the stress-strain curve. Also known as the tensile modu-
lus, the elastic modulus and the preliminary modulus,
Young’s modulus 1s defined as the ratio of the uniaxial stress
over the umaxial strain 1in the range of stress in which
Hooke’s law holds (the material has not been stretched
beyond the elastic limit). Flongation at break, or tensile
clongation, 1s the measured length at the moment of rupture.
This quantity 1s often expressed as a percentage of the
original length: Elongation (%)=(L,-L,)x100/L,, where
L,=length of original sample (gauge length) and L, 1s length
at break. Tensile strength 1s the maximum load that a
material can support without fracture when being stretched,
divided by the original cross-sectional area of the matenal.
It 1s also called the breaking strength or ultimate strength.
Uniaxial matenals testing 1s done to determine mechanical
material properties that are related to forces acting on bodies
along a single axis. All patents, patent applications, provi-
sional applications, and publications referred to or cited
herein are incorporated by reference in their entirety, includ-
ing all figures and tables, to the extent they are not incon-
sistent with the explicit teachings of this specification.

It should be understood that the examples and embodi-
ments described herein are for illustrative purposes only and
that various modifications or changes 1n light thereof will be
suggested to persons skilled in the art and are to be included
within the spirit and purview of this application. In addition,
any elements or limitations of any mvention or embodiment
thereof disclosed herein can be combined with any and/or all
other elements or limitations (individually or 1n any com-
bination) or any other invention or embodiment thereof
disclosed herein, and all such combinations are contem-
plated with the scope of the invention without limitation
thereto.
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SEQUENCE LISTING

<lo0> NUMBER OF SEQ ID NOS: 8

<210> SEQ ID NO 1

<211> LENGTH: b5

<212> TYPRE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: amino acid sequence of V*

<400> SEQUENCE: 1

Val Pro Gly Val Gly
1 5

<210> SEQ ID NO 2

<211> LENGTH: 25

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: amino acid sequence of C+*

<400> SEQUENCE: 2

Val Pro Gly Val Gly Val Pro Gly Val Gly Val Pro Gly Cys Gly Val
1 5 10 15

Pro Gly Val Gly Val Pro Gly Val Gly
20 25

<210> SEQ ID NO 3

<211> LENGTH: 11

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: partial amino acid sequence of chimeric
protein Lalpha-V*40C*2

<400> SEQUENCE: 3

Ile Lys Val Ala Val Gly Gly Gly Gly Gly Cys
1 5 10

<210> SEQ ID NO 4

<211> LENGTH: 11

<212> TYPRE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: partial amino acid sequence of chimeric
protein Lbeta-V*40C*2

<400> SEQUENCE: 4

Tyr Ile Gly Ser Arg Gly Gly Gly Gly Gly Cys
1 5 10

<210> SEQ ID NO b

<211l> LENGTH: 9

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: partial amino acid sequence of chimeric
protein FN-V*40C*2

<400> SEQUENCE: 5

Arg Gly Asp Gly Gly Gly Gly Gly Cys
1 5

<210> SEQ ID NO o
<211> LENGTH: 21
<«212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

40
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42

-continued

223> OTHER INFORMATION: partial amino acid sequence of chimeric

protein CI-2-V*40C*2

<400> SEQUENCE: o

Gly Thr Pro Gly Pro Gln Gly Ile Ala Gly Gln Arg Gly Val Val Gly

1 5 10
Gly Gly Gly Gly Cys
20

<210>
<211>
<212 >
<213>
220>
<223 >

SEQ ID NO 7

LENGTH: 20

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

protein CIV-V*40C+*2

<400> SEQUENCE: 7

15

OTHER INFORMATION: partial amino acid sequence of chimeric

Gly Glu Phe Tyr Phe Asp Leu Arg Leu Lys Gly Asp Lys Tyr Gly Gly

1 5 10
Gly Gly Gly Cys
20

<210>
<«211>
«212>
<213>
«220>
<223 >

SEQ ID NO 8

LENGTH: 19

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

protein MSH-V*40C+*2

<400> SEQUENCE: 8

15

OTHER INFORMATION: partial amino acid sequence of chimeric

Ser Tyr Ser Met Glu His Phe Arg Trp Gly Lys Pro Val Gly Gly Gly

1 5 10

Gly Gly Cys

We claim:

1. An electrospun nanofibril, comprising a polypeptide
that 1s poly(L-glutamate, tyrosine), wherein the polypeptide
satisiies the following equation: (non-polar surface area-
polar surface area)/DP<100 square angstroms/residue,
where DP 1s the degree of polymerization of the polypeptide.

2. The electrospun nanofibril according to claim 1,
wherein the polypeptide satisfies the opposite charges cri-
terion.

40

45

15

3. The electrospun nanofibril according to claim 2,
wherein the degree of polymerization of the polypeptide 1s
at least 25.

4. The electrospun nanofibril according to claim 1,
wherein a diameter of the nanofibril 1s less than a micron.

5. The electrospun nanofibril according to claim 2,
wherein a diameter of the nanofibril 1s less than a micron.

6. The electrospun nanofibril according to claim 3,
wherein a diameter of the nanofibril 1s less than a micron.

¥ ¥ H ¥ H
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Column 23,
Line 34, “found to soluble™ should read --found to be soluble--.
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Column 32,
Line 67, “activity cam” should read --activity can--.
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